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Hambomee pacmpocTpaHeHHBIM KPYIHOTOHH@KHBIM  IIPOL[ECCOM, OCHOBAHHBIM
Ha JaHHOM MeTOfie, ABJIAETCSA IOTydeHUe ajKuIapoMaTudecknx YB (usompomnmiGeH3ossl,
M3OTIPOIIITOTYOJIbI, LIMKIOTeKCUIOEH30/), HEOOXOAMMBIX /IS HOTy4YeHVSA COOTBETCTBYOIUX
(eHO/IOB 1 KeTOHOB IMAPONIEPOKCUHBIM MeTOROM [1].

3aKOHOMEPHOCTAM IONy4eHMSA M3ONpoNMIapoMaTndeckux YB ankunmposaHuem,
KaTa/msupyeMbIM Kucnoramu JIplonca um bBpeHcTena B TOMOTEHHBIX WINM TeTepOTe€HHBIX
YC/IOBMAX, MOCBAIILEHO MHOTO ITyO/IMKaLNil, aHa/IN3 psAfa 3 HNUX IPOBeleH HaMI B CTaTbe [2].
OpHako 13 BCeX M3BECTHBIX TeXHOMIOTMYECKMX MPOLIeCCOB MOTyYeHNA alKMIapoOMaTUYeCKuX
YI/IEBOJJOPO/IOB IPOLIECC MOMYYEHM A M3OIPONMIKCUIONOB Ha CETOSHALIHMUI JIeHDb ABIAETCA
OJHUM 13 HalIMeHee V3y4eHHDIX.

ITo ykasaHHOJ BBIlIIe TPMYVHE ITaHHAA pab0Ta MOCBALICHA YACTHOMY CTy4Yar0 MOTydeHN
M3OIPONNIKCUIONOB — TIPOLECCY aJKUIMPOBAHMA o-Kcunona mnporuneHoM. C  opHoit
CTOPOHBI, 9TO OOYC/IOB/IEHO TEOPETUYECKMM VHTEPeCOM, IIOCKONIbKY  IIOSBJISETCS
BO3MO>XHOCTb M3YYUTb BEChb KOMIUIEKC NpEBPALEHNII, TPOTEKAIINX IPY aTKUIMPOBAHUN
kcumonos  mo  @Dpupento-Kpadrcy. C  mpyroil CTOpOHBI, pe3ynbTaThl MCCIENOBAHMA
00/1a/jaloT BAXKHBIM TPUK/IAHBIM 3HA4YeHMEM, TaK KaK OTKPBIBAIOT IIyThb IIOYYeHMS
UHTepMenmara 3,4-KculeHoma depe3d 4-msompommn-o-kcwnon (4-MITIOK). 3,4-Kcunenon
MIMPOKO WCIONb3yeTca i IPOM3BOACTBA  Pa3/IMYHbIX MeCTULUMIOB, HaIpuUMep,
3,4-mumerundennn-N-Metunkapbamata [3], a Takxe, HapaBHe € [PYTMMU KCUJIEHOIAMY, JIS
IPOM3BOACTBA TPUKCUMINIPOCHATOB — KOMIIOHEHTOB OTHECTOVKMX Mace [4].

Cno>xHOCTD IIpoLecca aTKUIMPOBAHUA 0-KCU/IO/IA IIPOIMIEHOM U N€peaKIINPOBaHNsA
M30IPOIN/I-0-KCU/IONOB 3aK/II0YaeTCd B TOM, YTO IOMMMO OCHOBHBIX peaKLMil MUTpaluu
M30IPONNIbHON TPYIIbl B KCUIONAX TaKXXe BO3MOXXHBI PeaKLMM MUTpaliuy MeTU/IbHO
TPYIIIBL

B aBTropckoMm cBupaerenbcTBe [5] 06CyX/aeTcsi Crocod anKWIMpOBaHUA H-KCUIONA
MPONWIEHOM M M3ONPONWIOBBIM CIIMPTOM B IPUCYTCTBUM CepHOV KMUCHIOTH M BF;xH3PO4.
PesynbraTtbl paboTsl mokasbiBaoT, uro Ha BFsxH;PO, momydaercs paBHOBecHass cMech,
cocrosimast Ha 56% u3 1,4-gumMerni-2,5-gunsonponnbeH3ona. EqMHCTBEHHBIM TOOOYHBIM
IPOZYKTOM, 110 JAHHBIM aBTOPOB, SAB/sieTcs 1,4-fuMeTni-2-usonponmnberHson. ObpasoBanne
IIPOV3BOIHBIX 0-, M-KCUJIOJIOB U ITOJIVIMETINIOEH30/I0B He OIMCAHO.

B crarpbe [6] mpuBefeHbI MAaHHbIE II0 AJIKWIMPOBAHUIO O-KCUIONA IPOIVMICHOM
Ha katuoHute KY-2 u xnopupe amomnuns. [lokasano, 4To B IpUCyTCTBUU XTIOPUJIA A/TIOMUHNA
yMeeT MeCTO MUTpalysg METU/IbHBIX T'PYII, OJHAKO M3 IIOMYYEHHBIX JIaHHBIX He CrefyeT
BBIBOJJOB O [IOCTVDKEHMM PAaBHOBECUSA B CHUCTEME W3ONPONN/I-0-KCUIONOB, a TaKKe
He 00CY>KHAI0TCs IIPaKTIYeCcKyie CIIOCO0BI II0fIaB/IeHNsI HeXKe/TaTe/IbHO MUTPaliMyi METV/IbHBIX
TpyIIL.

B paborte [7] usydyena nsomepusanyisi MOHO- ¥ AMMU30IPONVIIIPOM3BOIHBIX 0-KCUJIOTA,
OJJHAKO  OTCYTCTBYIOT [JaHHBIE O IepeaJKWINPOBaHUM  [M-U3ONPOINII-0-KCUTIOTIOB
Ha 0-Kcumosl. Taxoke B 3T0l paboTe He pacCMaTpUBAeTCA BO3MOXKHOCTb MUTPALIMY METVIbHBIX
TpyHIL

B pabotax [8-9] ommcaHo anKWIMpoBaHMe 0-KCUIONA M30IMPONAHONIOM B IIPUCYTCTBUN
Pa3MMYHBIX TBEpPHABIX KaTalu3aTOpoB. ABTOpaMM COOOLIAETCA O HOCTVDKEHNUM BBICOKOTO
Bpixoa 4-MITOK, B pabote [9], kpoMe TOTO, ITOKa3aHa BO3MOXXHOCTb 00pa30BaHMs B YCITOBUSIX

9
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9KCIIEPMMEHTA M3OIPONMITONYO/IOB ¥ TpUMeTun6eH3070B. Ho B JaHHBIX MCCIeJOBAaHMAX,
HO-BUIIMOMY, He ObUIO JOCTUTHYTO XMMUYECKOe PaBHOBECHE, COOTBETCTBEHHO, JIaHHbIE
10 PAaBHOBECHBIM COCTaBaM M30MEPHbIX N30 POMNI-0-KCUIOTIOB OTCYTCTBYIOT.

B aBropckom cBupmerennbctBe [10] ommcan cmoco6 momydenmsa — 4-MITIOK
AUIKWIMPOBAHNMEM O-KCWIONA TpomieHoM B mpucyrcrBum Katammsatopa AlClL-CHsNO..
CBefieH): O COCTaBe PeaKLMOHHBIX MAacC He ITO3BOJIAIOT C/le/IaTh OJHO3HAYHBIN BBIBOJ O TOM,
JIOCTUTHYTO /I XMMI9eCKOe PAaBHOBECHE B CHICTEME, @ TAKXKe OTCYTCTBYIOT JaHHBIE O TOOOYHBIX
peaKUMAX MUTPAlVM METM/IbHBIX TPYIIIL

IIpu 3TOM OAHON M3 OCHOBHBIX 3afady, TPeOYIOIIMX peIleHMs, IpU aIKVINPOBAHUU
0-KCIJIOJIa TIPOTIVICHOM ABJIAETCSA NORO0P TaKMX YCIOBMIL IIPOLeCca, IIPU KOTOPBIX MUATPALIVA
METWIbHBIX IPYIII CBefleHa K MUHMMyMy. HecobmofieHne 3TOro orpaHndeHns HemsbexHo
NOpUBOAUT K OOpa3sOBaHMIO B PEeAaKIMOHHONM Macce He TOJNIbKO M3OIpPOINITONYO/IOB
U IIOTIMIMETIU/IOEH30/I0B, HO 11, YTO TOPas/io XY>Ke, M30IPOINI-M- U H-KCHUJIOJIOB.

VM3onmpomma-m- M n-KCUIONBL MIMEIOT O/M3K1e TeMIepaTypbl KUIEHMS K IIelIeBOMY
4-UTIOK, coOTBETCTBEHHO, MX Ha/lM4Me B PeaKI[MOHHOI Macce MOXKeT CYIl[eCTBeHHO CHU3UTD
PEeHTabeIbHOCTb TEXHOJIOTUY ¥3-3a BK/IIOUEHNS B Hee CTIOKHOTO O/10Ka BBIJIe/IeHN 11eJIeBOTO
IPOAIyKTa.

[Io o0603HaUYeHHBIM BbINIe INPWYMHAM IeNbl0  PAOOTBI  ABNAETCA  pelleHIe
IPYHLMINAIBHBIX BOIIPOCOB IIpeJie/IbHO Ce/IeKTUBHOTO MOMyYeHNs 4-M30IPONNI-0-KCUIO0Na
U3 JOCTYITHOTO HePTeXNMIYECKOTO CBIPbs — 0-KCUIO/IA U IPOIVJIeHA.

OcHOBHasA 4acTh

B kadecTBe MCXOIHBIX BeIIECTB B paboTe ObIIM MCIONb30BAHBI: 0-KCWION, YMCTOTOM
He MeHee 99,5% Mac. IO JaHHBIM Ta3oxmakocTHoi xpomarorpadum (IDKX); mpommmren —
IIPOMBILIJIEHHBII 0bpasel] ¢ cofiep>kaHueM OCHOBHOTO BemlectBa 99,5% Mac. IPOM3BOJCTBA
AO «HoBokyii6pimesckass Heprexumudeckass kommanusa (HHK)»; amromyamit xmopuctseit
TEXHMYECKIt Oe3BOMHBI C Cofep>KaHueM OCHOBHOTO BelecTBa 99,5% Mac. MPOM3BOACTBA
OAO «Kaycruk»; cynbdokatronnt Amberlyst 36 Dry nponssopcrsa Dow Chemical, koTopsrit
nepes, IPOBEJEHNMEM SKCIEPUMMEHTOB IPOXOAWI IPOLEAYPYy OCYIIKM OT BJIaru IIyTEM
TepMOCTaTNpoBanuA npu 378 K 10 MOCTOAHHON MACChI.

ViccnepoBanusA 10 PaBHOBECHOMY IIPEBPAIEHNIO M3ONPOINII-0-KCUIONOB IIPOBOVIIN
CTIeYIOIUM 00pa3oM:

1. Tlomy4anu HepaBHOBECHYIO CMECh M3ONIPOINI-O-KCUIONOB ITyTEM aJIKMIVPOBAHMA
0-KCWIO/MA MPONWIEHOM B npucyrcrBum 5% Mac. KatmoHuta Amberlyst 36 Dry
npu temneparype 353 K u Bpemenn koHTakTa 0,2-1,5 4. Peaxkijyio mpoBogyin B MeTa/UIN4€CKOM
TepMocTaTupyeMoM peakrope (V = 500 cM’) mpu paBneHuy, obecrednBarolieM HaXOoX/eHe
pEeareHToB B >KMJKOM COCTOAHMM. B JJaHHBIX yCIOBUAX KOHBEPCUA NPOIMJIEHA COCTAaBIIANA
100%.

2. IlonyyenHyro cMech NOABEprajy INEpeaJKWIMPOBAaHMIO B NpUCyTcTBumu 1-3% Mac.
KaTa/M3aTOPHOTO KOMIUIeKca Ha ocHoBe 6OesBopgHoro AlCl; mpu temmeparypax 303-333 K
10 YCTAaHOBJIEH) A PAaBHOBECHOTO COCTaBa B PEAKIMOHHOI Macce.
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OT XHMHM K TEXHONOTHH TOM 4, BbINYCK 4, 2023

XuMmn4yeckoe paBHOBeCHE M30MEpM3alM B CUCTeMe VM30IPOINII-0-KCUIONOB M3ydan
npy aTMOC(epHOM HaB/ICHNY B KUAKOI (ase B CTEK/ITHHOM peakTope M30TepMIYECKOTO TUIIA
(V =20 cm’) npu nuaTeHCHBHOM nepemenBanuy (300 rpm) B IPUCYTCTBUY KaTa/IN3aTOPHOTO
komiiekca Ha ocHoBe AlCl. ITocrosiHCTBO Temmeparypsl oOecHedMBamy LMPKY/IALMEN
TEIUIOHOCUTeNIA B pybamke peaktopa. CocTaB BapbMpOBalM B JAMANa30HE MOJIBHBIX
COOTHOULIEHU «U30NPONNI-/apun-», coctapystomeM 0,2-1,8. Ot6op mpob mpousBogvIN
3 BEPXHETO YIJIEBOZOPORHOTO CJIOSl IIOC/Ie BBIKTIOUEHMs JBUTATEIsl MEIIAJKM U IOTHOTO
OCXJIeHNMA KaTaIMTIIecKoro KoMivtekca. [Tpo6sr o6pabatbiBamm 10%-HbIM pacTBOPOM €IKOTO
HaTpa 1 BOZIOI /1A Ae3aKTMBAIVIM PACTBOPEHHOTO KaTa/I3aTopa.

OcHOBHOII MeTO[] aHa/MM3a peaknoHHbIX cMeceit — [DKX. AHanus BbinonHeH Ha ipubope
«Kpucrann 2000 M» ¢ mporpaMMHO-anIapaTHBIM KOMIITIEKCOM «XpoMaTeK- AHaTUTHUK»,
OCHAIIIEHHOM IUIAMEHHO-MOHM3AI[IOHHBIM JIeTeKTOPOM, IeNNUTelleM IIOTOKA Ta3a-HOCUTENS
¥ KBapl|eBOJ KaNVUIAPHOI KOMOHKOM (60 M X 0,25 MM) C IIPUBUTOJ HEMOABVDKHO (aszoit
SE-30. B xauecTBe rasa-HOCHTeNs VMCIONb30BAIM Temmit. [laBjieHne rasa-HOCUTENIA Ha BXOJie
B KOMOHKY cocTaBiano 42,5 klla. Temneparypa ucnapurens 473 K, merexkropa - 503 K.
B xayecTBe BHYTpEHHETO CTaHAAPTA JICIONb30BaM H-OyTaHON. TeMmepaTypHBIN peXnum
aHaMM3a 06ecIIeunBasl II0/IHOE pasfie/ieHe BCeX KOMIIOHEHTOB PeaKIVIOHHON MacChl.

VpenTndukanysa BceX KOMIIOHEHTOB CMecell BK/IOYaga ITIOCTAHOBKY CIIEIVIaTbBHOTO
XUMWYECKOTO 9KCIIEPUMMEHTa ¥ XPOMAaTO-MacC-CIIeKTPOMETPUYECKMII aHamu3, KOTOPBII
ObUI BBIIIO/IHEH Ha Tra3oBoM xpomartorpade Agilent 6850, ocHalleHHOM KamyjULIPHON
komonkon Agilent 19091S-433E (30 m x 0,25 MM x 0,25 MKM) C HeImOABIDKHOM ¢as3oi
(5% mndennnnomcunokcana + 95% OUMETWINONMCUIOKCAHA) WM MacC-CeNeKTUBHBIM
nerekropoM Agilent 5975C VL MSD npu nounsupyrouiem Hanpspkenun 70 eV.

ITponecc nonyuennsa 4-MIITOK ocymectsnamm B gse craguu. Ha nepBoii mpousBoanIoch
IKWIVPOBaHYe 0-KCUIO/IA IPONVJIEHOM B YCTIOBUSAX KMHETUYECKOTO KOHTPOJIsL, Ha BTOPOI —
M30Mepu3alysg PeaKLMOHHON MaccChl AIKWIMPOBAaHMA [O HOCTVDKEHMA SKUAKOPA3ZHOTO
PaBHOBECUA B CHCTEME «0-KCUIOT—U30IIPOIVII-0-KCHU/IONBD».

Ankunuposanue o-Kcunona nponuneHom Ha cynooxamuonume Amberlyst 36 Dry

3apaverl, pelraeMoil Ha CTafuyl AIKIWIMPOBaHMA, ObUIO MaKCUMAIbHO CeJIeKTMBHOE
HOJTy4YeHVe V30IPONI-0-KCUIONOB. I TOro 4To6bl He HOIYCTUTb MMUIPALVIM METM/IbHBIX
TPYNII B apOMATHYECKOM SAfipe ATKWIMPOBaHME HEOOXOAVMO INPOV3BOANTL HA IIPOTOHHBIX
KaTa/IM3aTOPAX, II03BOJIAIOLINX OCYIIECTB/IATD IIPOIIeCC B KMHETIYeCKoit 06mactu. B Hacrosmee
BpeMs Hambosiee IIEPCIEKTVBHBIMU 13 TaKUX KaTalN3aTOPOB SABJIAIOTCA MaKPOIIOPUCTbIE
Cynb(OKaTMOHNUTBHI, TAKMX MapoK Kak Amberlyst, Lewatit, Tulsion, Purolite n gpyrue.

B pa6orte [11] Hamu 6b110 ycTaHOBJIEHO, 4TO KaTamu3atop Amberlyst 36 Dry nossosser ¢
BBICOKOJI ~CETeKTMBHOCTBIO IIOTy4aTb CMeCM LVMOJIOB ¢ IIpeoOlalaHuMeM TIapa- U
opTo-n3oMepoB. [103TOMy /I aMIKMIMpPOBAHUA O-KCUIONA Takoke ObUI BBIOpPAH JJaHHBIN
KaTa/m3arop.

AnkunupoBaHue BbIIONHAMN Ipu Temneparype 353 K; BpeMenu koHTakra 0-120 MuH,
B [Ualla30He  COOTHOIIEHUI  «M30IPONWI-/apui-»  [OAA  TNPOJYKTOB  aJKUIMPOBaHUA
0,02-1,0 monmp/Mone.  Ha ~ sTame  ankmnmpoBaHMA — pacCMAaTpUMBAMNUCh  CEAYHOIIVe
IIOC/IeloBaTeIbHO-Tapaj/Ie/IbHble ITPEBPALEHUA:
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0-KCWJIOT + TIPOINIeH > 4-u3onponmi-o-kcunon (4-MIITOK) (1)
0-KCWJIOT + MIPOInIeH > 3-u3onponmi-o-keunon (3-MIITOK) 2)
4-UIIOK + npomuneH > 4,5-gu-nsonpomnun-o-kcunon (4,5-JUITOK) 3)
4-UIIOK + npomuneH - 3,5-gu-nsonpomnun-o-kcunon (3,5-JUITOK) (4)
3-UIIOK + mponmneH - 3,5-gu-nsonponui-o-kcuion (3,5-TUITOK) (5)

C TOYKM 3peHMs CTaTUCTUKM, BEPOSITHOCTU 00pa3soBaHMs IPOAYKTOB IO peakuysam (1)
u (2) paBHbl. Taxke ¢ paBHON BEpPOATHOCTBIO OymyT mporekaTb peakumu (3), (4) u (5).
Taknum 06pa3oM, TeOpeTNIEeCKY, B 0>KMAAEMOM COCTaBe PEAKI[MOHHOI MacChl a/IKMIVPOBAHNA
nommxeH npeobmanath 3-MIIOK, tak kak 4-MITOK pacxopyercs mo aBym peakuysam: (3) u (4),
a 3,5-JUITOK pmomken fABykpatHO npeobnagats Hap 4,5-IVITIOK.

OpHako pe3ynbTaThl SKCIIEPUMEHTa CBUIETENbCTBYIOT O TOM, YTO B PeaKLIMOHHOI Macce
npeo6magaromyM n3omepoM sApysgercs 4-MIITOK, B To BpeMsA Kak IPOAYKT €ro Jja/bHENIIero
anknmposanus (4,5-IVITIOK) cymectBenHo ycrynaer kommdectsy 3,5-IAMITIOK (B mects pas
IpY MOJIBHOM OTHOIIEHMM IIPOIVUIeH/0-Kcunon, paBHOM 0,8). JlaHHBIE O COOTHOIIEHMAX
KOHIIEHTpaLMil 06Cy>X/JaeMBbIX IIPOJIYKTOB IIpeACTaBIeHbl Ha puc. 1 u 2.

[TpenmnonoxuTenbHO, YTO TaKOe KOMIIOHEHTHOE pacIipefie/ieHe COCTaBa peaKIIOHHO
MAacChl OObACHAETCS Pa3MIyieM B COOTHOIIEHNY KOHCTAHT CKOPOCTY I IBYX ITapaslIe/IbHBIX
peakumii — ankmwmpoBanua 4-MIIOK u ankmmmposanua 3-VMIIOK - BosHumkamommm ns-3a
HQ/INYMs CTePUYECKOTO 3aTPYAHEHM PACIONIOKEHHBIX PAJOM M3O0IMPONIbHBIX TPYNI IIPU
obpasosanuu 4,5-[JVIITOK.
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Puc. 1. CoorHomeHue KoHIeHTpauuii MoHO- Puc. 2. CooTrHomenne konuentpanuit au-MITIOK npn
NTTIOK npu AIKWIMPOBAHUY 0-KCWIONa  IKWIMPOBaHUMN 0-KCWIONa  IIPONMIEHOM Ha
IIPOIIM/IEHOM Ha cynbdoKaTnoHute «Amberlyst 36  cynpdoxaruonure «Amberlyst 36 Dry» npu 353 K
Dry» mpn 353 K

B pesynbTaTe sKcIiepuMeHTa ObIIO BBIABJIEHO, YTO IIPOIiecC aKMIMpoBanys uMeeT 100%
CETIeKTUBHOCTb II0 CyMMe WM3OIPOINI-0-KCUIONOB (puc. 3). YCTaHOBJIEHO, YTO B TpYIIIIe
MOHO3aMelIeHHBbIX 0-KCUIONOB obOpasyiorcsi gaBa m3omepa: 4-MIIOK u  3-UIIOK.
VIX MakcMManbHble KOHLEHTPALMM B PEAKIVOHHOM Macce NOCTUTAloTCA IpU MOJTbHOM
COOTHOLIeHMM TponuneH/o-kcunon, paBHoM 1. [Ina 4-VIIIOK - koHLeHTpauusa cocTaBuja
35,7% w™on., pgna 3-MIIOK - 12,4% mon. B rpynme pausaMelleHHBIX O0-KCUJIONIOB TaKXe
obpasytorca pBa usomepa — 4,5-IUIIOK n 3,5-IUIIOK, ¢ xoHmeHTpauyamu 4,1% Mo

M 17,5% MO/1. COOTBETCTBEHHO.
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Puc. 3. CocraB peakIMOHHOI MacChl aTIKWIMPOBAHNA 0-KCUIO/IA IIPOIIJIEHOM Ha cynbdokaTtnoHute «Amberlyst
36 Dry» mpu 353 K: 1 - o-kcunor; 2 - 4-UTIOK; 3 - 3,5-AUIIOK; 4 - 3-UTIOK; 5 - 4,5-AUIIOK; 6 - TPVIMIIOK

I/Isomepusauuﬂ U nepeankunuposarue peamguo;—moﬂ Mmaccol ankKunauposarus 0-Kcunona
NPONUIEeHOM. Tep;vtobur—tamuuecrcuzl aHanu3 usomepusayuu U nepeanKunuposanusd

CucremMa «O0-KCUJIONT — — N30IIpOINI-0-KCUIIO/IbI» Obl1a IIpencraBji€Ha IIATHIO
KOMIIOHEHTaMM. H}I}I OIIMCaHMA paBHOBECUA BbI6paHbI TpU HE3aBUCUMDbIE pEAKIININL:

3-UIMOK < 4-UTIOK (©6)
4,5-INTIOK <> 3,5-INTIOK )
3,5-IIVTIOK + OK <> 4-UTTOK + 4-UTTOK (8)

PesynbTaThl uccienoBanus paBHOBECHS], TOJyYSHHbIE HAMU, TPUBEICHBI B Ta0I. 1.

Ta6nuna 1. Pe3ynpTaTsl nccienoBanus paBHOBecus peakuuii (6), (7) u (8)

Anxun/Apwnn, Copep:xaHne
LK b MIH Fpacws MUH MOJIb/M(f}Ib Alle% Mac. K foosS

3-UIOK < 4-UIOK (6)
303 400 1200 0,07 1,6 119 4,75
303 300 1500 0,08 1,8 163 8,88
303 360 900 0,18 2,1 116 6,47
303 900 1700 1,01 2,3 132 3,30
318 360 600 0,27 1,6 107 1,35
318 480 1200 1,81 1,9 103 0,37
318 540 1200 0,77 2,3 108 0,26
333 180 420 0,06 1,8 81,5 1,68
333 180 600 0,24 2,5 101 1,11
333 180 660 0,30 1,5 97,7 1,41
333 180 660 0,63 2,4 93,6 1,19
333 180 600 0,43 2,2 92,9 0,20
333 210 720 0,82 2,1 99,5 1,26
333 180 540 1,02 1,8 96,2 1,45
333 240 660 1,27 2,0 100,0 1,20
333 150 720 1,39 2,2 92,0 0,85
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OT XHMHM K TEXHONOTHH TOM 4, BINYCK 4, 2023
Anxun/Apwnn, CopmeprxaHne
LK b, MUH fpaows MHHL MOHI)/M(I)DHI) Alle% Mac. K foo0sS
353 60 300 0,39 2,3 81,1 1,57
353 45 600 0,98 6,7 76.8 0,38
373b 65 70,0 16,74
393b 50 34,3 4,38
413P 38 31,0 6,46
4,5-IINTIOK «> 3,5-IUIIOK (7)

303 900 1700 1,01 2,3 6,65 0,04
303 900 2700 1,00 2,3 6,78 0,07
318 480 1200 1,81 1,9 6,48 0,08
318 540 1200 0,77 2,3 6,71 0,05
333 180 600 0,43 2,2 7,59 0,16
333 210 720 0,82 2,1 5,71 0,13
333 180 540 1,02 1,8 6,70 0,08
333 240 660 1,27 2,0 7,81 0,21

333 150 720 1,39 2,2 7,44 0,18
353 45 600 0,98 6,7 6,64 0,05
353b 6,5 0,3

373P 65 5,59 0,55
393b 50 5,50 0,46
413P 38 5,90 0,53

3,5-IINTIOK + OK «— 4-UTITOK + 4-UTIOK (8)

303 900 1700 1,01 2,3 318 7,78
318 360 600 0,27 1,6 275 13,76
318 480 1200 1,81 1,9 230 4,23
318 540 1200 0,77 2,3 255 3,89
333 180 660 0,30 1,5 197 4,45
333 180 660 0,63 2,4 206 9,26
333 180 600 0,43 2,2 203 4,49
333 210 720 0,82 2,1 194 5,35
333 180 540 1,02 1,8 218 4,82
333 240 660 1,27 2,0 210 4,55
333 150 720 1,39 2,2 204 4,36
353 60 300 0,39 2,3 173 6,61

353 45 600 0,98 6,7 179 2,59

* O6osHaueHMs: t, — BpeMs HOCTVDKEHMs CHMCTEMOJ PABHOBECHS; fpuwn — BPEMs M3YUEHMS CUCTEMBI B YCTIOBMAX

paBHOBecy; K, — OTHOIIEH)E PABHOBECHBIX KOHIIEHTPALVI IPOJYKTOB PEaKLIMIi B MOJIbHBIX IONIAIX K PABHOBECHBIM

KOHLIEHTPALVISIM VICXOJHBIX BEIIECTB; 0,055 — HOBEPUTENIbHbIN NHTEpBaI i/ YpoBHA 3HauMMocTy 0,05;

b112].

B Ta6s1. 2 npuBeneHbl SHTA/IBINUIIHBIE M SHTpoNMiTHbIe 3¢ deKThl peakuuii (6), (7) u (8),

HO/Ty4eHHble JIMHEVHON anmpokcuManyeil koHcraHT paBHoBecus (In K.) kak ¢yHKuum

obpaTHoIt Temneparypst 10°/T.

Tabmmuma 2. Suramprmitaele (k[x-Momp') u suTpormitabie (Ik-Momp-K') XapakTepumcTuky M3ydeHHBIX

peakumit B XHUIKOH daze

Ne peakuyu T T A H(D) fo.05S A,S2(D) £0,05S
6 303-413 -12,6 2,6 -0,6 7,9
7 303-413 -1,8 1,3 10,1 3,9
8 303-353 -10,5 1,2 13,0 3,6
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TOM 4, BbINYCK 4, 2023

OT XMMUHU K TEXHOJIOTUK [iTEARzRIIENIY

3HaveHMs rasogasHbIX KOHCTAaHT paBHOBecus (K,) paccuuTaHbl B IpUOIVKEHUN
IIPMMEHVMOCTY 3aKOHa Payia kak:

Ky = K (TP p(apor /TP yp(ucs) )

r7ie Pyp(ucx) — MABJIEHME HACBILIEHHOTO Tlapa MCXOMHBIX PeareHTOB; Pyp(npon) — MaBIEHNeE
HACBI[EHHOTO IIapa IpPOAYKTOB peakuyy. JlaBleHMs HaChIIEHHOTO Ilapa /i BCeX
KOMITOHEHTOB BBbIYVC/IEHBI MeTOZ,0M AMOpoy3a—YonToHa.

B ta651. 3 faHbI 9HTANBIUIIHBIE U SHTPOIUITHBIE 3 PeKThI peakunii (6)—(8), momydeHHbIe
NVHEVHOV aIIpoKCUManyeil KOHCTaHT paBHoBecus (In K,) kak ¢yHKumm o6paTHOI
Temneparypsl 10°/T.

Tabmmua 3. Duramprumiiaele (kDx-Monb') u suTpormitabie (Ik-Momp-K') XapakTepmcTuky u3ydeHHBIX
peakumit B ra3oBoit dase

Ne peakuyu To-Tx AH2(9) t0,05S A.S2(g9) t005S
6 303-413 -13,2 2,6 -1,0 7,7
7 303-413 -1,8 1,4 9,6 4,0
8 303-353 -8,7 1,1 14,8 3,4

/13 mpepncTaB/IeHHBIX JAHHBIX BUJHO, YTO peakuus (7) XapaKTepu3yeTcsl HeOKNMIAHHO
HU3KOVl 9HTA/IbIINEN, HECMOTPs Ha 0po-3¢deKT ABYX M30NPONNMIbHBIX rpyni B 4,5-TVTTOK.
OpHako, Kak MOXXHO BHUIETb U3 MAHHBIX TaOmuubl 3, i peakumn (6) «TPOITHOI»
sHTaNbINITHBI 3¢ dext Me-Me-usonponun- B 3-MIITOK cocraBnsger BecbMa 3HAUUTE/IbHYIO
BenmmurHy B 13,2 x/x-Monp™. Cnenyer nomnarath, 410 A1 peakuuu (7) oH 6ymeT HaXOAUThCS
Ha TAKOM >Ke YPOBHe, 4TO IpMBEZET K B3aVMHOI KOMIIEHCALUN 0p110-3¢d(HeKTOB.

CocTaB paBHOBECHON CMeCH 1L CUCTEMBI «0-KCUIOJ — M30TPOIII-0-KCUIONBI» (puc. 4)
ObII pacCuMTaH peLIeHMeM CUCTEeMBbl M3 IATY YpPaBHEHUII C IATHIO HEM3BECTHBIMU
(6)-(8))

C 9KCIIepMMEHTA/IbHBIMY 3HaYeHMAMM K. ¥ JBa ypaBHeHUA MaTepuaabHOTO OamaHca -

(TPI/I YpaBHEHIA - BbIpa’K€HUA J19) 521 KOHCTAHT paBHOBECUA peaKLU/[ﬁ

I10 apOMATUYIECKUM ANpaM U IO N3OIIPOIINIbHbIM 3aM€CTI/ITeH}IM).
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5

Puc. 4. CocTaB paBHOBECHOI cCMeCU B CUCTEMe «0-KCUJION + U3ONMPONNI-o-Kcunonb» npu 333 K: 1 — o-kcumom;
2 - 4-UIIOK; 3 - 3,5-IUIIOK; 4 - 3-MIIOK; 5 - 4,5-IVIIIOK
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OT XHMHM K TEXHONOTHH TOM 4, BbINYCK 4, 2023

Pacyer paBHOBecys1 BBIIOHS/IN TIpy TeMIiepaTypax 318, 333 u 353 K. B pesynbrate 661710
YCTQHOBJIEHO, YTO B YCIOBYAX MOCTVDKEHMS CUCTEMOJ >KUAKO(DAa3HOTO paBHOBECUA IIpU
yBe/mueHuu reMiepaTypsl usomepusanuu ot 303 go 353 K konnentpauus nenesoro 4-MITOK
cokpamaercs ot 89 10 86% MOJI. Ipy COOTHOIIEHNN a/IKUI-/apuiI- paBHOM 1 MOJIb/MOJIb.

IIpuBeneHHble JaHHBIE CBUJIETE/IBCTBYIOT O TOM, 4TO Ipouecc nomydeHus 4-VITOK
HeoOXO[MMO  pealn3OBBIBATh B  YCIOBUAX  JIOCTIDKEHUA  PEAKIVIOHHOW  Maccoi
TEPMOAVHAMIYECKOTO PaBHOBECHA B TPYIIIIE M3OIMPONNII-0-KCUIONOB.

Kunernyecknii ananmus Murpanyuy MeTHWIbHOMN IPYIIbI B IPOLecce M30MepU3anin
M30IPONNTI-0-KCUIONOB

OCHOBHOJI 11e/1bI0 aHa/IV3a ObUIO YCTaHOBJIEHNE IyTell 00pa3oBaHNs 5-M30POIVII-M-KCAIONA
(5-UIIMK), nceBrokxymorna, 3-usonpomunronyona (3-VIIT) n 4-usonponmnronyona (4-UIIT) -
HOOOYHBIX IIPOAYKTOB M30MEPU3ALMM PEaKLMOHHOJ MAacChl aIKWINPOBAHMS O0-KCUJIONIA
IIPOTIMIEHOM.

[To6ovHbBIE TPOAYKTHI M30MEPU3ALNI IOTYYAIOTCS 10 CJIEAYIOLINM PeaKIAM:

4-VITIOK - 5-VITIMK 9)

o-Kcunon <> m-Kcunon (10.1)

m-Kceunon +4-UTTIOK > 5-UTIMK + o-Kcunon (10.2)
o-Kcunon + 4-UTIOK > IceBnokymon + 4-UIIT (11)
4-UIIT < 3-UIIT (12)

/13 Bcex MOOOYHBIX MPOAYKTOB M30MepU3ALUI CAMBIM TPyZHOOTAeMMbIM 0T 4-MIIOK
apngercsa 5-VIIIMK, Tak Kak HOpMa/ibHble TeMIEPAaTypbl KUIIEHMS 3TUX COENVIHEHUI
pasnuyarorca Bcero Ha 7 K. Ilo aToil mpuymHe €ro HOSABIEHMIO B PEAKLMOHHOM Macce
M30MepU3aly NO/DKHO OBITH yheneHo IoBblieHHOe BHuMaHue. 5-VIIIMK nmeer mBa mytn
HAaKOIUIEHNA B peakIyoHHoN Macce. [lepBbni - mo peakuymm (9) mpm m3omepumsanum
nonoxkenusa MmeruabHol rpynmnsl B 4-VIITOK, BTopoit — 1o mociefoBaTe/IbHBIM peaKLUaM
(10.1) u (10.2) gepe3 ob6pasoBanme m-kcunona. OT mpeobnafgaHus TOTO WIM MHOTO IYTU
obpasoBanus 5-MIIIMK 3aBucut rnyouHa aKiIMpoBaHKs 0-KCUIOJIA IPOIIEHOM.

AHanmM3 KMHETMYECKMX [AHHBIX BBINOJHAMM IIyTEM COIOCTABIIEHMA COCTaBOB
PeaKLUMOHHBIX Macc M3oMepusanuu npu temneparype 333 K, cooTHOLIEHUAX aKWUI-/apuil-
paBHbIx 0,24 1 0,63 MOJIb/MOJIb ¥ KOIMYECTBE KaTannsaTopa 2,5 1 2,4 % Mac., COOTBETCTBEHHO.
B pesynbrate 6bU10 ycTaHoBIeHO, uTo 5-VIIIMK npenmMyiiectBeHHO 06pasyeTcs IO peakiun
u3oMepu3anyuy NoNoKeHuss MermnbHoOi rpynnbl u3 4-VIIIOK (peakumsa (9)). O6 arom
CBUJETENbCTBYET O0JIee BBICOKAsA CKOPOCTb €r0 HAaKOIUIEHNS B CIIydae, KOTZIa M30Mepy3aLun
HIOZIBEPTraeTCsl peakIMOHHas Macca ¢ OOIbLUIMM COOTHOLIEHVEM aJIKMI-/apui- (MOJIb/MOJD)
(puc. 5). B To xe BpeMs konndecrsa nceBgokymona, 3-VIIIT u 4-VIIIT B MOMEHT ZOCTMKEeHNS
CHCTEMOJI paBHOBECHA IO TPYIIe M3O0IMPOINMN/I-0-KCUIONOB HE3HAYUTENbHBI M COCTABIIAIOT
0,09, 0,04 1 0,01% MOJ1. COOTBETCTBEHHO.

IIpu 6ormee HU3KOM COOTHOIIEHWMM A/IKWI-/apuia-, paBHOM 0,24 (MOb/MONB), IIOCTE
JIOCTVKEHA paBHOBECHBIX KOHIIEHTpalMil B IPyIIIIe M30IPONNI-0-KCUIOIOB KOHIIEHTpals
10604HO 0OpasyoIuxcs ncesrokymona, 3-VITT u 4-UIIT Bbiure.
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Puc. 5. Konnenrpanua 5-WIIMK npu usomepusaluy peakLMOHHOM MacChl aJKWIMPOBAHMSA O-KCUIONA
npormyienoM npu 333 K: 1 - ankwmn-/apun- = 0,24; 2 — ankun-/apun- = 0,63

Takum 06pa3oM, MUHUMaTbHOE KOIMYECTBO MOOOYHBIX MPOAYKTOB OyIeT HOCTUTATHCA
PV HerTyOOKOM aIKWIMPOBAHUY O-KCUIONA IPOIMIEHOM (TO eCTh IpU COOIIOfEeHuN
COOTHOLIEHNA aNKWiI-/apua- < 0,5 MOIb/MONb B IPOAYKTaX peakuyy) M IOCTeAyoleM
IPOBEJICHNN CTafinyl M30MepU3alMM PeaKIMOHHON MacChl B YCTIOBUAX, 00eCIiedMBaIoIInX
IOCTVKEHJe PAaBHOBECHS B TPYIIINE M30IPOIIN/I-0-KCU/IONOB TPV MaJIOM BpeMeH! KOHTAaKTa.

BrIBOABI M peKOMEHJAIN

B pesynbraTe BBIIIOTHEHHOTO MCCIENOBAHNMA YCTAaHOBJIEHO, 4YTO aNKMIMPOBaHME
0-KCI/IONIa TPOIMIeHOM Ha cynbdokaTronnte Amberlyst 36 Dry npoTrekaeT B KMHETHYECKOI
obmacti co 100% CeneKTMBHOCTBIO IO CyMMe M3OIpOINMI-O-KCIIONOB. TeM He MeHee,
obecnieunTh BBICOKMIT BBIXOA, IesieBoro 4-VIITOK B maHHBIX yCIOBUAX 0KAa3a710Ch HEBO3MOJKHO.

IToxasaHo, 4yTO HyIs MMONMyYeHMs: MakcuManbHoro Bbixona 4-MITOK Heobxopyma crapus
MePeAIKNIMPOBAHNA B YCIOBMAX TEPMOAVMHAMIYECKOTO PaBHOBECHA.

IIpy mnepeankMIMpoOBaHMM PEAKIIMOHHBIX MacC B TNPUCYTCTBUM KaTaJIUTUYECKOTO
KoMIiekca Ha ocHoBe AlCl; n3yueHbl paBHOBECHbIE IIPeBpallleHN I30MEPHbIX N30 POINI-0-
KCWIONOB. JlaHBI TepMOAMHAMUYECKME XapaKTePUCTUKM PpeaKIuil IepeaKNIMpPOBaHMUA.
Taxoke BbINO/THEH KMHETMYECKMIT aHA/IN3 PeaKLMii MUTPALIMM MEeTH/IbHBIX TPYIII IIPY KaTalnuse
komiiekcom Ha ocHoBe AlCls. IlokasaHo, YTO ycloBMEM MUHMMATIbHOTO OOpa3oBaHMSA
5-MIIIMK saBnseTcs BpeMs KOHTAKTa, He IPEBBIIIAIOLIee BPEMEH!U BBIXOJA HAa paBHOBeCHe
CHUCTEMBI «0-KCUIOJ — V3OIPOINI-0-KCUTIONbI», 2 TAKXKe MOoTy4eHle UCXOJHOI peaKMOHHOI
MAacChl ATKMIMPOBAHNUS C HU3KUM COOTHOILEHMEM AJIKWUI-/apuiI-.

B pesymbrare IpPOBENEHHOTO  WCCIENOBaHMA ObUIM  OIpefe/eHbl  YCTIOBMUA
IA ceneKTuBHOTO nonydenus 4-VMITOK:

1. IlepBas cragms mpolecca IpeAcTaBiseT coboit >KuakodasHoe aTKUIMPOBaHME
0-KCMJIOJIa B YCIOBMAX KMHETMYECKOTO KOHTPOIA IIpPY MMHMMAJbHON TeMIeEpaType
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u3 paboyero amamnasoHa Cyn1b(pOKaTMOHNTA, KOTOPas /st OONBIINHCTBA KaTaIM3aTOPOB 3TOTO
Tuna cocrasnder 353 K;

2. Ha BTOpOII cTagyy JO/DKHO OBITH BBIIOMHEHO >KMAKO(A3HOEe HepeaKIINpOBaHMe
PeaKIMOHHOM MacChl AIKUIMPOBAHMA 10 NOCTVDKEHUA TEPMOAVHAMMUYECKOTO PABHOBECKA
B uamasoHe Temmeparyp 303-353 K B ycnoBmsax, ofecredmBaionX MUHMMATbHYIO
MUTPaL/I0 METU/IbHBIX TPYIIIL, TO €CTh IIPY MMHMMA/IbHOM BpeMEH) KOHTAKTa ¥ COOTHOLIEHNUN
ankui-/apuni- < 0,5.

[Tonyuennble B paboTe pe3ynbTaTbl MOTYT CIIyXKUTb OCHOBON A 6oree MOAPOOHOro
U3Y4YEHMS YCIOBMII HENPEpPBIBHOTO [JBYXCTaAMiiHOTO mpouecca nomydeHus 4-MITIOK
(TeMIIepaTypbl, HaBIeHUA, 0OBEMHON CKOPOCTY TIOA4M CBHIPbsS, OCOOCHHOCTEN VICIIOTHEHNUS
PEaKTOPOB AIKWIMPOBAHNA M IepPeaIKMIMPOBAaHMA) C IIe/bl0 JajJbHelell pa3paboTKu
TEXHOJIOTUM ITPOM3BOJCTBA YKa3aHHOTO IIPOAYKTA.
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Kniouesvie cnosa:
800HO-CNUPMOBbIE
pacmsopul,
KOHUeHMPAYUOHHbIE
Xapakmepucmuxu,
KBAHIMOBO-XUMUUECKUE
pacuemvt, memoo
PyHKUUOHANA NAOMHO-
CMU, MEHMONEKYAP-
Hble 83aUMO0eticmeus,
U30LIMOUHDL MOTbHUYLLL
06BeMm, NONUHOMDL
Jlexcanopa

Annomauus. BoOHo-cnupmosvle pacmeopuvt HAX00AM WUPOKOe npumeHeHue 6 ca-
MbIX PaSIUMHBIX 0071aCMAX: 6 PapMauul, NULLES0TI NPOMbIUUAEHHOCU, THeXHUKE.
Hccnedosanue ux pusuKo-xumu1eckux céolicme umeerm onumenvuyro ucrmopuro. Tem
He MeHee, 6 CUTLY CTLOKHOCHIU OGHHBIX CUCIIeM, UHMePeC K UX UCCTIe008AHUAM He 0Ca-
Gesaem U 6 HACMOAULeE BPEMA U CIMUMYTIUPYEMCS PA3SUMUEM OUOXUMUY 6 NILAHE
U3YHEeHUS U 3auUmbL OKPyscatouell cpedbl, 2100AbHO20 USMEHEHUS KIUMAmd, 603-
00HO8/IsIEMbIX  dHepzernu4ecKux pecypcos u kocmoxumuu. ILlenvio Hacmosueit
pabomuot A6UNOCH K6AHIMOB0-XUMUHUECKOE UCCTIe008aHUE KNIACHEPOB 600bl C MOIEKY-
TIAMU MEMUn06020 1 AMUL06020 CHUPMA, 4 MAKHE MOOETUPOBAHUE KOHUEHMPAU-
OHHBIX 3A6UCUMOCINEll U30bLIMOUHO20 MOMLHO20 00veMA PACMEopa IMuUs06020
cnupma 6 600e npu pasnu4Hvix memnepamypax. Ha ocnosanuu xkeanmoeo-xumue-
CKUX PACHEmOo8 NAPHbIX U CMEUAHHDIX KOMNTIEKCO6 800bl C MEMAHONIOM U STMAHONLOM
C yHermom conbeamautOHHbIX 3PPexrnos noKasano, 4mo 6 HUOKOCMu, 6 omau4ue
01 COCMOSTHUS UOeANbHOZ0 2a3a, 00pa308aHie KOMNIIEKCO8 Oydem mepmoouHamue-
CKU 6b1200HbIM, 4 6 CMECU 8 PABHOBeCUU 6YOyM HAXOOUMbCA KAK UHOUSUOYATbHbIE
CONbEAMUPOBAHHbIE MONEKYNIbL CHUPMA, mak u xomnaexcol. Ommeueno omHocu-
menvHoe pasautie 6 C60000HbLX IHEPIULX CONbEAMAUUUL NAPHBIX U CMEUAHHBIX KOM-
nIeKco8 Memanona u smanond. IIpednoxena memoouKa 8vlHUCTEHUS UOLIMOUHO20
MOTIbHO20 00BEMA 8 CMECAX 800A-CHUPIN NYMeM annpoKCUMAUUL IKCHEPUMEHMATIb-
HoIX 3aeucumocmeti nonunomamu Jlexanopa Oessmoii cmenenu. Pesynomamot
pacuema nokazany 6biCOKyI0 MOUHOCMb, NPU SMOM 3ABUCUMOCINU PACCHUMAHHDIX
koappuyuenmos nonuromos Jlexanopa om memnepamypoL Mozym Ovitnb ONUCAHDL
HeNnpepuIBHLIMU PYHKUUAMU.
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BBenenmne

MSY‘ICHI/I@ (I)I/[3I/IKO-XI/IMI/I‘ICCKI/IX CBOJICTB BOIHO-CIIMPTOBBIX PACTBOPOB MMEET MOJIYTO-

PaBEKOBYIO VICTOPUIO, €C/IU CYUTATD C cucTeMaTndeckux pabor [I. V1. Menneneesa [1]. Tem He

MeHee MHTepeC K 9TUM 00beKTaM He ocmabeBaeT. DKCIepYMeHTaIbHbIe MCCIeTOBaHNs U30bI-

TOYHbBIX

TePMOJVHAMUYECKNX  QYHKINIT

CMelleHusA BOJAHBIX PpacTBOPOB  CIMPTOB,

© M. E. Conosbes, B. B. Makapbus, 2023
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BBIITOJTHEHHbIE B KOHIIE IBA/IIJATOrO BeKa [2-5], moKasasy CyliecTBeHHbIe aHOMAJIVY B MIX CBOJI-
CTBaX, 00yC/IOB/ICHHbIE VI3BMEHEHVEM aCCOLMATVBHOM CTPYKTYPBl pacTBOpa C €ro KOHI[eHTpa-
LMeil BCTIECTBIE HAIMYMSA CUIBHBIX BOJOPO/IHBIX CBA3€I MEXXY KOMIIOHEHTaMM, C OJJHOM CTO-
POHBI, 11 IUIBHOTO XapaKTepa MOJIEKYJI CIUPTA, ¢ pyroit. Kak mokasaHo B pabore [6], mpo-
CTas MOJE/Ib aCCOLMATUBHOTO PaBHOBECH He ITO3BOJIAET ONMCATh KOHLIEHTPALMIOHHYIO 3aBU-
CMMOCTDb KOHTPaKIMy o6’beMa BOFHO-CIIMPTOBOTO PacTBOPA U I KOMMYECTBEHHOTO OMNCa-
HIA JaHHOV KpMBOI TpeOyeTcs BBeJeHNe JOTIOTHUTENbHBIX IIOIPAaBOK. ABTOPEI paboThI [7] Ha
OCHOBAaHMM M3MEPEHMI IVIOTHOCTY ¥ KaJIOPUMETPUM KOHLIEHTPMPOBAHHbBIX BOJHBIX PacTBO-
POB PasHBIX CHUPTOB CHETATM BBIBOJ, YTO B OOTACTM BBICOKMX KOHI[EHTpAaUMiI CIUPTA €To
MOJIEKY/IBI 00pa3yIoT K/IacTepbl, B KOTOPBIX I'MPOKCU/IbHBIE TPYIIIBI HAIIpaB/IeHbl BO BHEIII-
HIOIO 0071aCTb, I7ie OHM B3aMMOJIEJICTBYIOT C MOJIEKY/IaMI BOJIBL.

OpnHako 11 TOTOo, YTOOBI 60JIee IeTaIbHO CYAUTDb O CTPYKTYype PacTBOPOB, TEPMOJVHA-
MIYEeCKVUX JJAHHBIX HEJOCTATOYHO ¥ HEOOXOMMIMO JJOTIONTHATD UX 60j1ee TOHKMMYU PU3UKO-XU-
MUYECKVIMM METOZIaMy ¥ KOMITBIOTEPHBIM MofienpoBanueM. Tak, B pabore [8] meron nmasep-
HOJI MHTep¢depoMeTpy ObIT IPYMEHEH /LA M3Y4eHUA CTPYKTYPhI BOJHO-CIIMPTOBBIX K/IacTe-
POB B IPUIIOBEPXHOCTHBIX CN0AX. Ha OCHOBE NIpOBEJEeHHBIX MCCIENOBAHMII IIOKa3aHbI
BO3MO>KHbIe MEXaHV3MBbI IIepexojia PpaKTaTbHO-KIACTEPHBIX CTPYKTYP BOJBI IIPY B3aVIMOeil-
CTBUU C 3TAHOJIOM B IIPOCTPAHCTBEHHbIE K/IATPaThl. ABTOPBI paboThl [9] ¢ ucIonb30BaHNEM
METOJOB TE€parepueBOil CHEKTPOCKONMM M MMIIyAbcHOTO AMP ¢ rpagmeHTOM MarHUTHOTO
IOJIA TOKA3alM, 4TO CYHIECTBYIOT TPM PasIMYarOLMXCA KOHLIEHTPAaUMM BOLHO-CIMPTOBOTO
pacTBOpa, IpY KOTOPBIX ACCOLMATUBHAS CTPYKTYpPa pacTBOpa KPUTUYECKNM 00pa3soM M3MeHs-
eTCA.

Metop MONEKYIAPHON AMHAMMKN MCIIONb30BAJICA /I pacyeTa TEIJIOEMKOCTU BOJHO-
CIMpTOBBIX cMeceit [10-11], MofemMpoBaHNs MEXMOJIEKY/IAPHBIX B3aMMOAEIICTBIIL ¥ ACCOLM-
aTMBHBIX CTPYKTYp [12-13] u guanexTpudeckoir mpoHuaeMoctn [14]. Bmecre ¢ Tem ammmpu-
JecKye IOTeHIMaNIbHble (QYHKIVY CHIOBOTO IOJI, KOTOpble IPUMEHAITCA B K/IACCUIECKON
MOJIEKY/IAPHOI AVHAMMKeE, He [JAIT aJeKBaTHOIO OIMCAHUA T€OMETPUYECKON CTPYKTYpPbI
U 9HEPTeTHYEeCKUX MTapaMeTPOB MEXMOJIEKY/LAPHBIX KOMIUIEKCOB U /LA 3THX Ileslell Heob6Xo-
JVIMO VICTIO/Ib30BaHM€ KBAHTOBO-XMMMYECKUX METONOB. IIpuMepbl CII0Mb30BaHNA KBAHTOBO-
XMMIYECKUX pacyeToB UL 9TUX LieJieli MMelTcs B paboTtax [15-17].

Ha mpakrtuke Hambosee pacnpOCTpaHEHHBIM METOIOM M3Y4YeHUA BOIHO-CIMPTOBBIX
PacTBOpPOB ABJIAETCA U3MEPEHNE ITIOTHOCTU. B cmiry TOro, 4To BOZHbBIE paCTBOPbI STUM/IOBOTO
CIMPTa WMPOKO NMPUMEHSAIOTCA B INIEBOI IIPOMBIIUICHHOCT! 1 (apMaluy U3[aTelbCTBOM
cra"gapToB PO ony6mmkoBaHbl HOAPOOHbIE TAOIMIIBI ITIOTHOCTY BOJHO-CIIMPTOBBIX PacTBO-
POB IIpU pasHBIX TeMIIepaTypax 1 KOHIeHTpanuAx [18]. Ha ocHOBe KOHIJeHTpaLIOHHBIX 3aBM-
CMMOCTEJ IJIOTHOCTY BBIYMCIIAIOTCS 3aBYICUMOCTY KOHTPAaKLMU 00beMa, KOTOpbIe MCIIONb3Y-
IOTCA B TEOPETUYECKNUX pacdeTax. BayxHOI aHOManel BOTHO-CIMPTOBBIX PACTBOPOB ABJIAETCA
Ha/M4yye OCOOBIX TOYeK Ha KOHI[EHTPAI[MOHHBIX 3aBMCYMOCTAX KOHTPAaKINM, B KOTOPBIX
KpUBBbIe, ITOCTPOEHHbIe /IS Pa3HbIX TeMIleparyp, Hepecekarorcsi [19-20]. Ha ocHoBanum
JIAHHBIX II0 CBETOPACCESHNMIO I0KA3aHO, YTO BO3HMKHOBEHME OCOOBIX TOYEK 3aBMCUT OT
OPVIEHTAL[MOHHBIX KOPpe/IALMil B BOE ¥ 00YCIOB/IeHO 00pa3oBaHMeM I pa3pylleHreM BOJO-
PORHBIX cBsi3eit [21].

Llenpio HacToOAIIel PaOOTHI ABUIOCH KBAHTOBO-XMMIYIECKOE MCC/IeTOBaHe MOJIEKYJIAp-
HBIX KOMIUIEKCOB BOJIbI ¥ METM/IOBOTO ¥ STU/IOBOTO CIMPTOB UM aHa/IN3 KOHIEHTPAlMOHHBIX
3aBUCHMOCTEN M30BITOYHOTO MOIBHOTO 00beMa BOJHBIX PAaCTBOPOB 3TaHOJA.
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OcHoBHasA YacTh

B paborte [17] MeTOOM QYHKIMOHAA ITIOTHOCTY OBUIO IIPOBEJIEHO KBAHTOBO-XMMMYe-
CKOe MOJIe/IIPOBaHNe TeOMETPUM ¥ SHEPreTMUYEeCKUX XapaKTepPUCTMK, a TaKKe BBIIIOTHEH
pacueT TepMOAVHAMUYECKUX (YHKIMIT B COCTOSHUM MIEAJbHOTO rasa, KIAaCTePOB BOABI C
METaHOJIOM ¥ STAaHOJIOM JUIS Pas3JIMYHOTO YMC/Ia ATOMOB BOJBL. YCTaHOBJIEHO, YTO HEPTVA
obpaszoBaHua KmacrepoB (binding energies) pacTeT mpaKTMYecKyu IMHENHO C YBeIMYEHNEM
9JIC/Ia AaTOMOB BOJBI B K/IacTepe. TO TOBOPUT O TOM, YTO SHEPIusA BOJOPOSHBIX CBA3EIL, IPM-
XOJAIASACS Ha [TApy aTOMOB, IIPAKTIYECKM He 3aBJMICUT OT 4JMC/Ia aTOMOB B Ki1actepe. HecMmoTps
Ha TO, 4TO 0OpasoBaHye KIACTEPOB IHEPreTUYECK! BBITOTHO (IIPOMCXOANUT C YMEHbLIEHVEM
9/IEKTPOHHOI SHEPrUM C KOppeKIyell Ha SHepIMio HY/IeBbIX KojebaHMil), pacdeT M3MeHEeHMI
CBOOOJTHOJ 9HEPIMY [TOKA3bIBAET, YTO B CTAH/JAPTHBIX YCIIOBUSX B COCTOSTHUM UJI€aTIbHOTO rasa
u3MeHeHue cBoOopHOI sHepruy [mb66ca nmpy peakuyuy oO6pasoBaHMs K/IACTEPOB ITOJIOXKU-
TenbHO. To ecTb B ra30BoiT (ase Ipy HOPMAJIbHOI 1 ITOBBIIIEHHBIX TeMIlepaTypax KIacTepbl
He JIO/DKHBI CYII[eCTBOBaTh. TeM He MeHee IpUBeJieHHbIe BO BBE[ICHIN CTaTbJ CBEEHM ITOKa-
3bIBAIOT, YTO HJI1 BOJHO-CIVPTOBBIX PAcTBOPOB XapaKTepHa acCOLMATUBHAS CTPYKTYpa,
a C/IefloBaTe/IbHO, K/IACTEPHI CYIIECTBYIOT B XKUAKOM (aze. O4eBULHO, YTO B CTaOMIM3ALINU
K/IaCTepOB B XMAKO (pase CyLeCTBEHHYIO PO/Ib UrpaloT 3¢ eKThl combBaTaluy (TugpaTanum
B pacCMaTpyBaeMoM ciy4ae). B aToit cBs13u B HacToseil paboTe ObIIM IPOBefIeHbI KBAHTOBO-
XUMMYECKIe PacyeThbl BOJHO-CIMPTOBBIX KJIACTEPOB € y4eTOM 3G PEeKTOB COMbBATALUIL.

B xauecTBe 00'bEKTOB MCCIEOBaHNsA OB PACCMOTPEHBI OMHAPHBIE KITaCTephbl MOJIEKY/T
BOJIbI, METAaHOJIA ¥I 3TAHOJIA VI CMEIIAaHHbIe K/IACTePhl BOA-CIMPT. PacyeT IOMHBIX 3/IeKTPOH-
HBIX SHEPIUIl ¥ TEPMOAVHAMMYIECKUX (YHKLMII YYACTBYIOLIMX B PeaKIVSAX COeMHEHNUII IPO-
V3BOZIM/IV KBAaHTOBO-XVMIYECKMM MeTOZIOM QYHKI[MOHAIA ITIOTHOCTH [22, 23] ¢ pa3nnyHbIMU
rnOpUAHBIMY QYHKIIVIOHA/IAMM C UCIIO/Ib30BaHMeM nporpaMmMuoro kommiekca ORCA [24, 25].
I[Tpu pacuére MpoBOAVIIACH ONTUMU3AIIVA TeOMETPUY ICXOTHBIX COeVTHEHNI V1 ITPOJYKTOB pe-
aKIVii, B pe3yabTaTe 4ero ObUIM HaiieHbl KOHGOpMALMy ¢ MMHUMA/IBHON IOTEHIIMATbHON
sHeprueit. Hamdme MIHIMMYMOB KOHTPO/IMPOBAJIN II0 OTCYTCTBUIO OTPUIIATE/IbHBIX COOCTBEH-
HBIX 3Ha4eHNIT MaTpuIbl ['ecce B KpUTHUECKMX TOUKaX. B JaHHBIX KOHQOpMALMAX PacCINTHI-
B/IVICh IIOJIHAs 97IEKTPOHHAS SHEPIMs COeVIHEHV VI 9HEepIys COMbBATAlMM C MCIIOIb30Ba-
HueM HessBHOU Mopenu conbBaranyuyu C-PCM [26]. Pacuer cBo6omHOI sHeprum ['mb66ca npu
Pas/INYHBIX TeMIIePAaTypax IMPOM3BOANICSA Ha OCHOBAHNY KO/IebaTebHOTO aHanmm3a [27].

ITockonpKy BbIOOP PyHKIVIOHANA ITIOTHOCTY IIPY IPOBefileHnM pacyeToB MetogoM DFT
He SIBJIAeTCS OHO3HAYHBIM [28], 6bUIM IPOBeEHB! IIpefiBapUTeIbHbIE TECTOBbIE PACUETHI C Iie-
7bI0 BbIOOpa QYHKIMOHAA, afJeKBaTHOTO pelraeMoii 3ajjade. [IpumMep Takmx pacyeToB IpuBe-
fieH B Ta61. 1. Kak BujjHO, Ipy pacyeTe 9HEPIUIi TU/paTaliyl OMY/ISPHBIN I'MOPUIHBIN QyHK-
nyonan B3LYP/6-311G** B gaHHOI 3ajjaye IOAXONUT JIy4llle II0 CPaBHEHMUIO C O60JIee BBICOKO-
YPOBHEBBIMM (PYHKLIMOHA/IAMM, HECMOTPSI Ha TO 4TO YCTyIaeT MM IIPU pacyeTe SHepIuil aTto-
musanum [28]. [lanHbli ¢yHKnMoHan ObUT ucnonb3oBaH B pabore [31]. Tem He MeHee
B Jla/IbHeTIIeM IIpY pacyeTax Hamy ObUT BbIOpaH rmOpupHbli ¢pyHkuyonan TPSS/6-311G*,
IIOCKOJIbKY IIPY €T0 VICIIOIb30BaHMM CPeHsA OTHOCUTE/IbHAsI OMMOKa /ISl BCeX COeNMHEHMI
OKa3ajach HeCKOIbKO MEHbIIIe.
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Ta6muna 1. CBobopHble sHepruy rupparaunn (B k[>x/Monb), paccuntanuble B Mofienu C-PCM c¢ ncnonb3osa-
HYIeM pPa3/INYHBIX GYHKIVMOHAIOB IJIS TPeX COeNVMHEHMI, a TaK)Ke COOTBETCTBYIOIINE SKCIIepUMEHTa/IbHbIe 3Ha-
YyeHns

Mertop, H,O CH;OH H;O0*
B3LYP/6-311G** -30,22 -21,36 -378,13
MO0/62X/6-311G** -31,39 -23,18 -379,94
wB97X-D3/6-311G** -31,08 -22,92 -379,94
CAM-B3LYP/6-311G** -31,08 -22,92 -379,67
TPSS/6-311G** -29,58 -21,21 -380,16
B2PLYP/6-311G** -30,49 -22,23 -380,54
AxcnepumeHT [29, 30] -26,36 -21,34 -432,63

Xora merop, C-PCM HeCKONBKO YCTYIIaeT B TOYHOCTY PacdeTa SHEPTMIL CObBaTALIIN Me-
tomy SMD [32], takxke peannsoBanHoMy B makere ORCA, B paccMaTpuBaeMoili 3ajjaue OH sIB-
nsercsa Oonee yROOHBIM, TaK Kak B HeM He TPeOYIOTCA SKCIIEpUMMEHTATIbHO OIpefiesisieMble
(bU3MKO-XVMMIYeCKye TTapaMeTphbl PAaCTBOPUTEIA, MEHAIOIIVECS IIPY €I0 KOHI[eHTPAINY, TaK/e
KaK ITOBEpXHOCTHOE HATsDKEHUe, VHIEKChI KICIOTHOCTM ¥ OCHOBHOCTH. B crmydyae mopenu
C-PCM BapbupyeMbIM ITapaMeTpPOM SBJIAETCA TOTbKO AMINIEKTpUYecKas IOCTOSHHAsA, KOTO-
pasi Ipu M3MeHEeHN KOHIIEHTPALN PacTBOpa JOCTATOYHO XOPOIIO AIIPOKCUMUPYETCS 10 afi-
IUTUBHOM CXeMe.

B Tabn. 2 u 3 mpuBefeHBl BBIYMCIICHHbIE SHEPIMM COIbBATALMM VHAVBMIYATbHBIX
MOJIEKY/I METaHOJIA J 9TAHOJIA, @ TAK)XKe MX MAPHBIX KOMIUIEKCOB U KOMIUIEKCOB C BOZOI TPy
Pas/IMYHBIX TeMIIePaTypax ¥ IBYX MOJIbHBIX HOIAX pacTBopuTens (Boga): X, = 1 (beckoHeyHOe
pasbaBnenue) n X;= 0,5 (paBHble MonbHbIe o). C yBenndYeHMeM MOJBHON O/ CIMPTa
9Heprus COMbBATALN HECKOTBKO YMEHBINAETCS BC/IEMCTBYE YMEHbBIIEHUA AUSIEKTPUIeCcKO
nocrossHHOIL. [ToBbIIIeHNe TeMITepaTypBl, XOTS U He CIMIIKOM CHJIBHO, HO II0-Pa3HOMY BJIMSIET
Ha CBOOOJHYIO 9HEpPIUIO COMbBATAL[MV MH/VBUIYaIbHBIX MOJIEKY/I ¥ KOMIIEKCOB: YBeINYM-
BaeT abcomoTHy BemmunHy AGy A1 MHAVBULYATbHBIX MOJIEKYT METAHOJMA VM CMEIIaHHBIX
KOMIIEKCOB C BOZIOJ V1 yMEHBIIIAET J/Is IIAPHBIX KOMIUIEKCOB MeTaHOa. B ciydae staHoa yBe-
mn4eHne abcomoTHO BemunHbI AGgoy HAOTIOAeTCA TOMBKO /I MHAVIBYYaTbHBIX MOJIEKY/I,
a /IS TapHBIX U CMEIIaHHBIX KOMIUIEKCOB HAaOJTI0JaeTCs ee YMEHbIIeHe.

Ba)kHO OTMeTUTH, YTO KaK B C/Iydae METAHOJA, TaK M 3TAHONA, CBOOOAHAS IHEPTUA
COTIbBATALIMY 110 aOCOMIOTHON BelnyMHe 60Jblle 1A KOMIUIEKCOB (OCOOEHHO [JIA CMeIlaH-
HBIX) [10 CPAaBHEHUIO C €€ BeIMYVMHON IS MHAVBUAYAIbHBIX MOJIEKY/. I103TOMy B XXUJKOCTI,
B OT/IMYVIE OT COCTOSIHNA MeaIbHOTO Ta3a, 00pa3oBaHyie KOMIUIEKCOB OyfieT TepMOAMHaMIYe-
CKM BBITOJIHBIM, @ B CM€CU B paBHOBeCUY OYAYT HAXOAUTHCS KaK MHAMBUYA/IbHbIE COTbBATH-
pOBaHHbIE MOJIEKY/IBI CIVPTA, TaK M KOMIUIEKCHL. Takke MOXXHO OTMETUTb OTHOCHTETbHOE
pasnudme B CBOOOHBIX SHEPIMAX COMbBATAINM ITAPHBIX U CMELTAHHBIX KOMIUIEKCOB METAaHOA
U 3TaHo/MA. B c/rydae MeTaHO/Ia ITAPHBIX KOMIUIEKCOB JIO/DKHO OBITH B PacCTBOpE MEHBbIIIe, YeM
CMEIIAHHBIX ¥ VHAVBUAYA/JIbHBIX MOJEKY/, TOTfja KaK UL 3TaHONA MapHBIX KOMIUIEKCOB
JIOJDKHO OBITH OOJIbINe, YeM MHVIBYAYATbHBIX MOJIEKYII, YTO CBUMIETE/ILCTBYET B II0/Ib3y TOTO,
4TO STAHOJI JO/DKEH OBITh 60JIee aCCOIMMPOBAHHON XIAKOCTBIO 10 CPABHEHNUIO C METAHOJIOM,
YTO IPEJICTABIIACTCS BIIOJIHE OYEBI/IHBIM.
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Ta61mua 2. CBO6OI[HLI€ 9HEPIUM COMbBaTallIM MOJIEKYI I KOMIIIEKCOB ME€TaHO/Ia 1 METAHO/IA C BO,[[OI7[ IIpn pas-
JINYHBIX TEMIIEPATYpaX M MOJIbHBIX TOIAX paCTBOPUTEA

Mornexyna / acconuar T,K AGuat, K/ MO

Xi=1 X;=0,5

CH;OH 273,15 -21,59 -21,48
CH;0H 283,15 -21,59 -21,48
CH;0H 293,15 -21,60 -21,49
CH;0H 303,15 -21,61 -21,50
CH;OH 313,15 -21,62 -21,51
CH;0OH_H,0 273,15 -44,13 -43,96
CH;OH_H,O 283,15 -44,13 -43,97
CH;OH_H,O 293,15 -44,13 -43,97
CH;OH_H.O 303,15 -44,14 -43,98
CH;OH_H,O 313,15 -44,14 -43,99
CH;OH_CH;0H 273,15 -17,88 -20,23
CH;OH_CH;0H 283,15 -17,75 -20,20
CH;OH_CH;0H 293,15 -17,62 -20,16
CH;OH_CH;0H 303,15 -17,49 -20,13
CH;OH_CH;0H 313,15 -17,36 -20,10

Ta6muna 3. CBo6O/HbIe 9HEPTUM COMbBATALIMN MOJIEKY/I M KOMIIIEKCOB 9TaHOJIa M 9TaHO/Ia C BOJOII IIPY pas3ind-
HBIX TEMIIEPATYPAaX ¥ MOJIbHBIX IO/IAX PACTBOPUTENA

AGiol, K[I>X/MOTB
Monexkyna / acconyat T,K

Xi=1 X1=0,5
C,HsOH 273,15 -21,77 -21,57
C,HsOH 283,15 -21,78 -21,58
C,HsOH 293,15 -21,80 -21,59
C,HsOH 303,15 -21,81 -21,60
C,HsOH 313,15 -21,82 -21,62
C,H;OH_H,0 273,15 -41,22 -40,81
C,H;OH_H,0 283,15 -41,21 -40,79
C,H;OH_H,0 293,15 -41,19 -40,78
C,HsOH_H,O 303,15 -41,18 -40,76
C,HsOH_H,O 313,15 -41,16 -40,74
C,H;OH_C,HsOH 273,15 -31,13 -32,17
C,H;OH_C,HsOH 283,15 -31,08 -32,13
C,HsOH_C,Hs;OH 293,15 -31,02 -32,10
C;H;OH_C,HsOH 303,15 -30,95 -32,06
C,HsOH_C,Hs;OH 313,15 -30,89 -32,02

[eomeTpuyeckast CTPYKTypa KOMIUIEKCOB METAHOJIA M TAHO/A C BOJOVL TPV BbIYVICIIE-
HUSX C YYETOM COJIbBATAL[MI aHAJIOTMYHA TAaKOBOJA, II0/Ty4eHHOII B pabote [17] mpu pacuerax
B COCTOSIHUM MI€aTIbHOTO Ia3a, YTO CBUJETE/IbCTBYET O TOM, YTO XapaKTep BOZOPOHBIX CBs3E
HIPUHLIMINANBHO He U3MeHseTCs.
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Takum 06pa3oM, KBaHTOBO-XMMMYECKUII pacyeT MOKa3bIBaeT CYILIeCTBOBAaHMUE K/IacTe-
poB, 0Opa3yeMbIX MOJIEKyJlaMy CIIMpTa ¥ BOABI B BOJHO-CIIMPTOBBIX PacTBOpaX, a TAKOKe
II03BOJIAET OINCATh MX CTPYKTYpy. BmecTe ¢ TeM Takme pacyeTpl He MO3BOJIAIOT HOTYyYNUTDb
KOJIYECTBEHHBIX 3aBMCHMMOCTEl TePMOAMHAMIYECKMX QYHKIVIL OT COCTaBa pacTBOpa B CYIIY
OTpaHMYEHNI Ha pa3Mep MOJe/N 13-3a He[IOCTaTKa BBIYMCINTETbHBIX PECypCOB.

PaccMoTpeHHBIE KOMIUIEKCHI ¢ BOJOPOLHBIMY CBA3SIMI SIBJISIOTCS IPUYMHOI HeVJieab-
HOTO IOBEefleHMsI PacTBOpa B CMBIC/Ie OTK/IOHEHMS OT aiJUTUBHOCTY TE€PMOAVMHAMMYECKUX
¢yukiuit. [TpuBeeHHass Bbllle B Tab/muuax CBOOOJHAs SHePIrUs CONbBATALMM MOXKET
ABJIATHCA TPUMEPOM TAKOTO OTK/IOHeHMs. MareMaTW4ecKy OTKIOHEHNMe OT afJUTUBHOTO
HIOBeJIeHNs B 3aBYICUMOCTAX TEPMOJMHAMIYECKMX QYHKIINIT OT MOIBHOJ JOI/ KOMIIOHEHTOB
MOXXeT OBITD IIPEJICTAB/ICHO B BUJie aOCOTIOTHOTO OTK/IOHEHN S (M30BITOUHbIE TEPMOAMHAMIYE-
ckre QYHKIVM) VI OTHOCUTENIBHOTO, IPMMEPOM KOTOPOTO SIB/IAETCSA KOHTPAaKLMs oObeMa
[19-21]. B Hacrosmert paboTe Ha OCHOBE JaHHBIX IO IVIOTHOCTY PacTBOPOB 3TaHOJA B BOJE,
IpVBEIEHHBIX B Tabmumax [18], paccumTaHbl 3aBUCHMOCTY M30OBITOYHOTO MOJIBHOTO 00beMa
KOMIIOHEHTOB OT COCTaBa CMeCH U IIPeIO>KeHBI aIlIpOKCHMMMpYomye QYHKIVN JIg STUX
3aBMCUMOCTeN. VI30bITOYHBIN MOJIBHBI 00bEM CMeCH IBYX KOMIIOHEHTOB XapaKTepU3yeT OT-
KJIOHEHJVIe pacTBOpa OT MI€aTbHOTO M PAcCUUTHIBAeTCA 10 popMmyrie

Ve = (V= Vn, —Viny)/(ng + ny), (n

rie V - sKcHepuMeHTaIbHO M3MEPEHHBII 00beM CMecH, COofiepyKalleil 1 MoJell BOABI U
n, moneit cimpta; V¥ u V) - MonbHble 06'beMbl CIIUPTA U BOJIBI COOTBETCTBEHHO.

3aBUCHMOCTD M30BITOYHOTO MOIBHOTO 00beMa CMeCH OT TePMOAVHAMIYECKVIX ITapaMeT-
POB (TeMIlepaTyphl U JaB/IeHNs1) MOXeT OBITh pacCYMTaHa 13 0O'beMa CMeCy Ha OCHOBE BUPH-
QJIBHOTO PA3JIOKeHN JI YpaBHEHNUsA cocTOssHUA. OIHAKO CIeflyeT 3aMeTUTh, YTO MHOTOY/IEH
BUPMA/ILHOTO Pa3/IOXKeHNs He sIB/IseTC HabopoM OpTOroHanbHbIX GyHKLMit. [ToaTomMy K09d-
(GUIVIEeHTBI BUPUATBHOTO Pas3/IOXKeHNUs, BbIYVIC/IsIeMble METOIOM HalIMEHBIINX KBaJpaTOB Ha
OCHOBaHMM 9KCIIEPVMEHTAIbHBIX JAHHBIX, OKa3bIBAIOTCSI CKOPPENIVPOBAaHHBIMM, U MX He yJa-
eTCsl alIPOKCUMYPOBATh HEIPEPbIBHBIMU (QYHKUMAMM OT COCTaBa CMeCH. B 3TOM MOXHO
ybenuTbcsa 13 aHanmmM3a Koap@PUUNEHTOB BUPUAIBHOTO PA3TIOXKEHVSI YPaBHEHMs COCTOSHUA
BOJHO-CIVIPTOBBIX CMeceli, IpuBefeHHbIX B [33]. boee paloHambHBIM AB/AETCS AlIIPOKCHU-
MaluA 3aBYICMMOCTY M30BITOYHOTO MOIBHOTO 00beMa OT MOJIbHBIX JI0/Iell KOMIIOHEHTOB C I10-
MOIIBI0 OPTOTOHAIBHBIX MOMMHOMOB. Hanpumep, B pabore [34] 3aBuCHMMOCTD M30BITOYHON
cBobopHOM aHepruy ['mb6ca oT cocraBa cMecell 9TaHON-BOZA AINPOKCUMUPOBAIN ITOINHO-
mamu JlexxaHzpa mectoro nopsaka. Hamm pacdeTsl mokasam, 4To [y KaueCTBEHHOI allllpoK-
CMAIVM 3aBUCYMOCTY M30BITOYHOTO MOJIBHOTO 00'beMa OT COCTaBa CMeCH 3TaHO/I-BOJIA IO/ -
HOMOB IIIECTOTO ITOPAAKA HelOCTaTO4HO. [IoaToMy B HacTosAIelT paboTe /IS OMVICaHUA FaHHOM
3aBUCUMOCTY OBUT MICIIOIb30BaH NOMMHOM JIeXXaH/pa eBATOTO MOpsaKa.

O603Ha4YMB MOJIBHYIO [JOMTIO CIIUPTA [TOCPEACTBOM X, 3aBucumocti Vi (x) MOXHO mpen-
CTaBUTD B BUJIE

Ve(x) = Xio a; (T)L;(x), (2)

rie L;(x) - momuromser Jlexxanpapa (3); a;(T) - 3aBucumoctu K09 HUIMEHTOB MOTMHOMOB
OT TeMIIepaTypbl, KOTOPbIE B HACTOAIIEN paboTe TaKKe alIPOKCUMUPOBATUCH TIOMMHOMAMM
JlexkaHapa 4YeTBEPTOro TMOpsAAKa. TakuMm 00pasoM, IS almpOKCUMALUK 3aBUCUMOCTEN
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M30BITOYHOTO MOIBHOTO 00'beMa OT COCTaBa CMECH ¥ TeMIIepaTypsl ObUIO BeIYMcIeHO 50 K03d-
¢bunmentos (o 5 koabdunnenTos mist Kaxpoit 3apucumoctu a;(T), i = 0,...,9).

Ly=1;
L, =x;

L, = (3x*-1)/2;

Ly = (5x3 —3x)/2;

L, = (35x* — 30x2 + 3)/8;
Ls = (63x° — 70x3 + 15x)/8; 3)
Lg = 231/16 x° — 315/16 x* + 105/16 x2 — 5/16;
L, = 429/16 x7 — 693/16 x5 + 315/16 x3 — 35/16 x;
Ly = 6435/128 x® — 3003/32 x© + 3465/64 x* — 315/32 x2 + 35/128;
Lo = 12155/128 x° — 6435/32x7 + 9009/64 x5 — 1155/32 x3 + 315/128 x.

Kak BupHO Ha puc. 1, pyHKINM (2) O4eHDb XOPOIIO ANIPOKCUMUPYIOT SKCIIePYMEHTA/Ib-
Hble JJaHHBIe, B TOM 4IC/Ie ¥ BOIM3U 000011 TOukM (puc. 2), B KOTOPO TeMIlepaTypHble 3aBU-
CUMOCTM VIMEIOT MHBePCUI0. MaKcuManbHOe aOCOMITHOE OTK/IOHEH)E PACUeTHBIX Y 9KCIIepH-
MEHTa/IbHBIX 3HaueHMi1 He mpeBbicuno 0,006 cM’/MOIb IpU BCeX M3YYeHHbIX TeMIIePaTypax.

0.0 4

V., cM?/monb

E

—-1.0 1

T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
X

Puc. 1. 3aBucMMOCTY U36BITOYHOTO MOJIBHOTO 06'beMa B CMeCH BOJa-3TaHOI (9KCIepUMEHTa/IbHbIEe M pacyeTHbIE
KpUBble Hepas/InuuMmbl), Temmeparypa, °C: 1 - 15; 2 - 20; 3 - 25; 4 - 30; 5 - 35

—0.35 A

V., cv®/monb

4 —0.40

—0.45 4

—0.50 A

—0.55 4

=Wk W

T T T T T
0.07 0.08 0.09 0.10 011
X

Puc. 2. 3aBucuMocTy M30BITOYHOTO MOJIBHOTO 00'beMa B CMECH BOJA-3TaHOJ BO/MM3M 0coboit Touku. O6o3Hade-
HIM€ KPUBBIX, KaK Ha puc. 1
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Puc. 3. 3aBucumocru koapduumenros JIexxanppa dynxumit a; (T) or TeMiiepaTypbl

Kak BupHO M3 puc. 3, TeMmueparypHble 3aBUCUMOCTM KoadduuyeHToB Jlexxanmpa
XOPOIIO OMVCHIBAIOTCSI MOHOTOHHBIMIM QYHKIVSIMM. DTO [O3BOISIET IPAKTUIECKN MCIIONB30-
BaTh MOJieNb (2) /IS pacyeTa MOJIBHOTO 00beMa cMeceil BOfIa-9TaHOJI P pa3/INYHbIX KOHIIEH-

TpaLyAX U TeMIepaTypax.
BrIiBOABI M peKOMeHAIUN

KBaHTOBO-XMMIYeCKIe PacIeThl TAPHBIX Vi CMEIIAHHBIX KOMIIIEKCOB BOJBI C METAHOIOM
¥ 9TAHOJIOM C y4€TOM CO/IbBATAIIIOHHBIX 9((PEeKTOB JOKA3bIBAIOT, YTO B KUJKOCTH, B OT/INYVE
OT COCTOSIHVISI MfIeaIbHOTO Ta3a, 00pa3oBaHue KOMIIEKCOB OyeT TepMOMHAMIYECKI BBITOJI-
HBIM, 2 B CMeCM B PaBHOBeCHM OYAyT HaXOAUTHCA KaK VIHAVBUYalIbHbIE COIbBATMPOBAaHHbIE
MOJIEKY/IBl CIMPTA, TaK ¥ KOMIUIEKChl. Ha OCHOBaHMM BBIYMC/IEHHBIX 3HAYeHMII CBOOOJHOI
sHepruy ['m66ca MOTyT ObITb paccUMTaHbl KOHCTAHTBI PABHOBECUS /IS PA3/INYHBIX KOMITIEK-
COB U OTIpefie/IeHbI IX OTHOCUTE/IbHbIe KOHIIEHTPaLVN.

OtTMedaeTcss OTHOCUTEIbHOE pas/nyye B CBOOOIHBIX SHEPIMSX COMbBATALMY TAPHBIX U
CMELIaHHBIX KOMIUIEKCOB METAHOJIa ¥ 9TaHO/MA. B clydae MeTaHO/a IMapHBIX KOMIUIEKCOB
JIOJDKHO OBITb B PaCTBOpE MEHbIIIe, 4YeM CMEIIAHHBIX U HAMBMUAYATbHBIX MOJIEKYI, TOTA KaK
JUIsI 9TAHOJIA ITAPHBIX KOMIUIEKCOB JOJDKHO OBITD OO/IbIIIe.

[Tpepyio>keHHass METORMKA BBIYMCIICHUS U3OBITOYHOTO MOJIBHOTO OObeMa B CMeCsX
BOZA-CIMPT IIyTeM AaINpOKCUMAIMV OSKCIePUMEHTAIbHBIX 3aBMCHMMOCTENl IIOIMHOMAaMuU
Jle>kaHpipa [IEBSATOI CTEIIEHN TTOKa3bIBaeT BBICOKYIO TOYHOCTD, @ 3aBMCYMOCTY PACCYMTaHHBIX
K09 PUIVIEHTOB IIOIMHOMOB OT TeMIIepPaTypbl MOTYT ObITh OIVICAaHBI HEllPepbIBHBIMYU (YHK-
IVAMY. DTO MO3BO/ISIET PeKOMEHIOBATD IIPe/IOXKEHHYI0 MaTeMaTIYeCKYI0 MOJIe/b I IpaK-
TUYECKUX PAacyeTOB MOJIBHOTO 00beMa, a TakKe IVIOTHOCTY PACTBOPOB CHMPTA IS PasHbIX

KOHLIEHTpalUI1 U TEMIIEPATYP.
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PA3PABOTKA BOOHO-IUMUCITEPCMOHHOTI'O IAKOKPACOYHOTO
MATEPUAJIA JIA CO3O0AHVIA JEKOPATUBHOI'O O®®EKTA
1O TEXHOJIOTUH «MbITBIVI BETOH»

C. B. Bapracosa', A. E. Tepemko®

Csernana Buxroposna Bapracosa, marucrp, AHacracusa EBrenbeBna Tepemko, KaH/. XVM. HayK, JOLEHT
'000 HIIO «JInukom», SIpocinaenp, Poccus, svetvargasova@yandex.ru
*sIpocrmaBcKuit roCyapCTBEHHBIN TeXHUYeCKMIt yHuBepcurer, SIpocnasnb, Poccus, tereshkoae@ystu.ru

Kniouesvie cnosa: 600no-oucnepcuonnas  Aunomauusa. Ompabomana peuenmypa 600HO-OUCHEPCUOHHO20
Kpacka, uHeubumop meepoeHus 6ermonda, — AAKOKPACOUHO20 — MAmepuand,  cooepiauieeo  UHeUOUmMop

peonozuueckue xapakmepucmuxu, meepoeHUst bemona. Hccnedosarivt peonoeuueckue
«MbLMbLTE 6eMOH», TUMOHHASA KUCTOMA, xXapaxmepucmuku 600HOT (Pasvl, NUeMeHMHOL NACMbL, KPACKLU.
2NOKOHAM HAMPUS, CeneHb Haiidena xoppensyusi cmenenu NpoHUKHOBEHUS OM KOIUYECMEd
NPOHUKHOBEHUS uneubumopa. Coenan 8v160p uHeubumopa meepoeHus 6emona.

s quTpoBaHus:

Bapracosa C.B., Tepewko A.E. PaspaboTka BOJHO-AVICIIEPCHOHHOTO TAKOKPACOYHOTO MaTepyana il CO3faHMs
IexopaTuBHOro 3¢ deKTa 10 TEXHOMIOT MUY «MbITBIIL 6eTOH» // Om xumuu k mexuonozuu wiae 3a wiazom. 2023. T. 4,
BbIIL 4. C. 29-35. URL: http://chemintech.ru/index.php/tor/2023-4-4

BBengenue

B Hacrosimee Bpemsi Bce Oojblilee PpacIpoOCTpaHEHMe IIONMYYMIa TEXHOTOTHS
U3TOTOB/IEHMsI OETOHHBIX WM3[e/NiT «MbIThIT 6eToH». OHa MO3BOJSET ITOYy4YaTh W3NS
ocoboro nekopatuBHOTO 3(pdekTa, KOTOPbI HeoObIueH U PpeHomeHaeH. C TOMOIIBIO JAHHON
TEXHOJIOTMIYI MOYKHO ITOJIy4aTh yHUKa/IbHbIe GaKTypbl, Y KOTOPBIX He OyIeT aHa/lIoroB.

Jliss  mpupmaHus TOBEPXHOCTM OETOHHBIX WM3JENit  TeKOPATUBHBIX  CBOVICTB
npy GOpMUPOBAaHUY M3JENII VICIIONB3YIOTCS VHIMOUTOpPBI TBeppeHus Oetona [1-7],
KOTOPBIMU 00pabaThIBaeTCs TOBEPXHOCTD U3Je/sl. [lamee HeOTBEP>KIE€HHbI IIOBEPXHOCTHBIN
CTIOVI CMBIBAETCSI C M3JENNs, U TIOBEPXHOCTD U3feusi MeeT (paKkTypy HallOTTHUTESI, KOTOPBII
OB 0OAB/IEH B IIeMEHTHYIO CMeCh.

Ha ceropHsHmit leHb BBIYCKAIOTCS CIIELa/IbHbIe KPACKM, COflepIKalliie MHIMOUTOPBI
TBepreHnss OeroHa. Ho Takme Marepmanbl BBICOKOTO KadeCTBa TONBKO HMIIOPTHOTO
IPOM3BOJCTBA I B HACTOsIII[ee BpeMsI Ha TAKOKPacoYHOM pbiHKe PO ux Het. Taxke TH Kpacku
SBJISIIOTCST OpraHopas30aB/isieMbIMM, YTO HETATMBHO CKAa3bIBAETCsS HA 9KONOTMMU, U TPeOYIOT

CIIENVIAIPHOTO paCTBOPUTELA OJIsI CMBIBKU C (1)0pr1.

© C. B. Bapracosa, A. E. Tepemko, 2023
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OcHoBHasA YacTh

Ilenplo HaHHOTO VICCIENOBaHMA SABIAETCA pPa3paboTKa METORMKM M  peLenTyphl
HONTy4eHVs] ~ BOZHO-IMCIIEPCMOHHOTO — MaTepuana,  JCIOIb3YeMOro /I CO3JLaHMs
JleKOpaTUBHOTO 3 deKTa M0 TEeXHONOIUM «MBITBIN 6eTOH». II0CKONBKY celfyac OTCYTCTBYIOT
VIMIIOPTHOE ChIpbe ¥ MaTepUabl, BOIPOC HEOOXOAMMOCTI CO3[JaHMsI OTEYeCTBEHHON KPacKu
3 JOCTYIIHOTO CBIPbSI CTOUT OY€Hb OCTPO.

B kavectBe MHIMOMTOPOB TBepfieHMA OeTOHA JCIIO/Nb30BAMNCh JMMOHHAA KIC/IOTA
(TOCT 908-2004) n rmroxonat Hatpus (TY 6-09-3508-80).

[l To/Ty4eHNs AVMCIepPCYIOHHON Cpefibl MICIIONb30Ba/IYl MOHOTEHHBIE 1 HeVIOHOTeHHbIE
IVICIIEPTaTOPBIL: HaTpacos, Tpunomgpocdar HaTpus (T'OCT 31638-2012),
CHIMKOHCOJep)KallNil TeHoracuTenb, ayaTwieHrmmkons (FOCT 10136-2019) u  Bopy
AUCTWUIMpOBaHHYo [8-10].

[IurmeHTHYIO macTy ¢ HanonHeHueM 70% IIOTydany CMeIeHMeM IUTMeHTa (IMOKCUT
tutaHa (TOCT 9808-84) u namonuurens (kap6onar kampuusa (FTOCT 4530-76) ¢ BomHOI
¢dasoii, mocneayolleM ACcIeprupoBanueM B 1abopatopoM aucconbeepe Homoge (ITonbia)
o6beMoM 250 cM?, CHaO>)KEHHOM JVICKOBOJ MEIIAIKOI AraMeTpoM 40 MM ¢ MaKCMMAaIbHON
vacroToit BpameHus 230 c¢'. [Ind momydeHMs Kpacky IMIMEHTHYIO IIacTy COBMeEIAIn
¢ nonmumepHoit aucnepcueit IIBA (TY 2385-002-18341150-98).

VMHrnburops! TBepaeHNs 6eToHa 0OAB/INCH B TOTOBYIO KPAcKYy.

Ta6mua 1. CooTHOLIeHMEe KOMIIOHEHTOB BOLHOI (hasbl

BemectBo MaccoBas mons, %
Bopma 95,42
Tpunonudocdar Harpus 0,76
CIWIMKOHCOfep>KAIINII TeHOTaCUTehb 0,19
IIVSTUNEHTTUKOIb 3,05
Harpacon 0,38

ITocKonbKy BOJHO-[VCIIEPCHOHHBIE CUCTEMbI IIpY HOOABIEHUN B HUX SIEKTPOIUTOB
MOTYT TEPSTh arperaTMBHYI0 YCTONYMBOCTD [11-14], HaMy ObUIM ITPOBefieHBI MCCIEJOBAHNY
PpeOoIOrn4ecKuX CBOVICTB IOYYEHHBIX MaTEPUAIOB ¥ X KOMIIOHEHTOB.

Ilns BopgHOU as3pl, MONYy4eHHOV IO pelentype u3 Tabmuubl 1, IpOBeJeHbI
peonormyeckue uccnegopanus (puc. 1).
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Puc. 1. 3aBuCHMMOCTD HaIlpsKEHMs CABUTA OT CKOPOCTY C/IBUTA JIJIs1 BOXHOI daspl
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Kak BupgHO u3 rpadmxa Ha puc. 1 [ mOMydeHHOI BOAHON (aspl HaOMIOZAeTCs
BO3pacTaHMe HANpPsDKEHUA CABUTA OT CKOPOCTM chBura. [laHHble rpadmkoB Ha puc. 2
CBUJETETbCTBYIOT 00 yMeHbBIIeHEe BA3KOCTH U BO3pacTaHMe HaIIPSDKEHNA CBUTA OT CKOPOCTH
CIOBUTA, YTO XapaKTEPHO /A TMKCOTPOITHOTO XapaKTepa Te4eHNs, 00YCIOBIEHHOTO, II0 BCell

BEPOATHOCTU, CMHEPTU3IMOM MCIIOIb30BAaHHDBIX ITIAB AJL TIONTy4€HN A MUTMEHTHO IacCThI.
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Puc. 2. Peonornyeckne cBOJCTBA NMUTMEHTHON IACTBl: @ — 3aBUCUMOCTb BA3KOCTM OT CKOPOCTU CHBUIQ;
6 — 3aBMCUMOCTD HaIIPSDKEHUS CABUTA OT CKOPOCTY CIBUTA

AHanorn4Hble peonornvecKue CBOCTBA HAOMIOMAIOTCS U ISl BOgHOI Ancrepcun [IBA
(puc. 3), 4TO OOYC/IOB/IEHO BO3HMKHOBEHMEM OOpaTMMBIX CTPYKTyp B pe3y/lbTare
HOJIIPM3ALMY MIOHHBIX aTMOCQep AUCIEePCHBIX YacTUI] IpY OPMEHTUPYIOIIeM BO3[elICTBII

IIOTOKa.
2 60
50
15
° 40
*&
= 1 =
= = 30
3
05 20
0 10
0 200 400 600 800 1000 0 200 400 600 800 1000
D,s! D,s?
a 0

Puc. 3. Peonormueckme cBOVCTBa AUCIIEpCUN IIBA: a - 3aBUCMMOCTb BSI3KOCTU OT CKOpPOCTN CABUTA;
6 — 3aBUCUMOCTD HalIpsDKEHMA COABUTA OT CKOPOCTHU CIABUTA

Peonornmyeckue cBoiicTBa ImonydeHHON Kpackm (puc. 4) Ha ocHoBe mucrnepcun IIBA
aHAJIOTMYHbI CBOJICTBAM CaMOJ [AMCIEPCUM, YTO CBUMIETENLCTBYET O TE€PMOAMHAMUYECKO
COBMECTVMMOCTY KOMIIOHEHTOB AVICIIEPCUY Y IUTMEHTHOI ITaCThI.

PesynbraThl mccnefoBanus BAMAHNA IIOKOHATa HaTpUsA Ha pEONIOTMYECKME CBOJICTBA

IIOJTy4YE€HHOM KPACKM IIPECTaBIeHbl Ha PUC. 5.
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Puc. 4. Peonornyeckie cBoicTBa KpacKM Ha OCHOBE JUCIIEPCUN [IBA: a - 3aBUCUMOCTb BA3KOCTHU OT CKOpPOCTHN
CIOBUTA; 6 — 3aBUCUMOCTD HaNIpAXEHNMA CABUTA OT CKOPOCTH CABUTa
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Puc. 5. Peonornueckne cBoiicTBa KPACKM C Pa3HBIM COZEPKaHMEM IVIIOKOHATA HATPUSA: d — 3aBUCUMOCTD BA3KOCTU
OT CKOPOCTMU CIBUTAQ; 6 — 3aBUICYIMOCTD HAIIPSPKEHN CABUTIAa OT CKOPOCTU CABUTA
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Kak BuAHO M3 [JaHHBIX puUC. 5, IpPU COAEP)KaHMM INIOKOHAaTa HatpuA o 1% Mac.
peonornvyeckue CBOVICTBA KPacKyM IPaKTUYeCKM He u3MeHAwTcA. [Ipy BBeleHMM B cocraB
Kpacku 3% Mac. u Oojiee I/IFOKOHATa HAaTpMsA HAOMIONAeTCs He3HAUNMTEeTbHOE YBeINYeHIe
BSI3KOCTY ¥ HAIIPsDKEHMSI CABUTA [T KPACKy PV HEBBICOKMX CKOPOCTAX caBura (mo 100 ¢t).
Taknum 06pa3soM MOXXHO 3aK/TIOUUTH, YTO BBefieHMe o 10% Mac. ITTIOKOHATa HAaTPVA B COCTaB
BOJHO-JVICTIEPCMOHHON KpacKu Ha ocHOBe IIBA He BbI3BIBaeT CHIDKEHME arperaTuBHON
YCTOMYMBOCTY CUCTEMBL.

PesynbpTaTbl MCCTeOBaHNA 3aBUCUMMOCTM CTEIIEHM IIPOHMKHOBEHUSA VHIMOUTOpA
TBepfieH!Usl OeTOHA OT ero Cofep)kaHus B Kpacke mpy (GOpMUPOBAaHUY OETOHHBIX V3Je/NUil
IpeJicTaB/IeHbl Ha puc. 6-7. CofeprkaHye MHIMONTOpa B Kpacke BapbMpPOBATOCH B IIpefeiax
0,5-10% mac.

0.3 .
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CopeprkaHye TUMOHHOV KUCTIOTBI, % Macc CopeprkaHue I'TIOKOHATa HaTPNA, % Macc

Puc. 6. Tpadux  saBucumoct  cTemeHu Puc. 7. I'padumk 3aBUCHMOCTH CTeleHu

NIPOHMKHOBEHMA  OT  COJEP)KaHMA  JIMMOHHOM IIPOHMKHOBEHUA OT COJEP>KaHMA ITIIOKOHATa B KPacKe
KIUCJIOTBI B KpacKe

CTeneHb NPOHMKHOBEHMS MHTMOMUTOpA M3 Kpacky B OETOHHOe M3[eiiie OIpeessin
110 YOBUIM Macchl OETOHHOTO 00pas1ia.

Kak mokasbIBaloT JaHHbIE Ha puC. 6, 7, IOTy4eHHbIe 3aBUCUMOCTI MMEIOT JTMHEIHbI
XapakTep ¢ BbICOKMM Koadpdunmentom kxoppemaumn (R?). Ilomyuensl MareMmaTmdeckue
yPaBHEHUA:

I KpacKu, cojepikaleil IMMOHHYI0 Kucnoty y = 0,0263x - 0,0006;

UL KPAcKM, cofieprKalien ImoKoHat Hatpud y = 0,0480x + 0,3929.

JlaHHbIe YypaBHEHMS IIO3BONIAIOT C BBICOKOJ TOYHOCTBIO IIPOTHO3MPOBATH CTEIEHb
IIPOHMKHOBEHMA IIPY COCTAB/IEHUHN pelienTyp Kpacok it TMBb.

Kpome Toro, 6p1a paccMOTpeHa BO3MOXKHOCTb CO3[JaHMsA I[BETHOTO JTAKOKPACOYHOTO
Marepuana. lIBeT Kpackum MOXKeT CIyKUTb MapKUPOBKOW I O0O3HAUEHMS CTEIEeH!U
IIPOHVMKHOBEHNUA MHIMONUTOPA TBepAeHNs 6eToHa. To ecTb Kpacka ¢ pas/IMyHbIM COJlep>KaHIeM
MHr16uTOpa OTIMYaeTcs 1BeToM. C 3TOI1 [je/IbI0 pacCCMOTPEHA BO3MOXKHOCTD MCIIO/Ib30BAHIA
TOTOBBIX KOJIEPOBOYHBIX IIaCT Ha BOAHONM ocHOBe (pmc. 8). B kadecTBe KomepoB
ObUIN MCIIONB30BaHbI ClIefymolye Marepuansl: kKonep Palizh 29 - ynprpamapuh; KomopaHT
LUXENS - canarosbiit; konep-nacta PARADE Ne 201 — oxpa, Ne 204 - uepHblit, Ne 207 -
comHue, Ne 209 — anbii, Ne 215 — BumHeBbii. Konep BBogmaca B Kpacky ot 5 no 20% mac.
Bce marepmanbl IMOKasaay XOPOIUYID COBMECTMMOCTb € Kpackoit. IIpuuem ycraHOBIEHO,

9TO LIBETHAA KOJIEPOBOYHAA ITaCTa HE OKA3bIBAE€T B/IMAHNA Ha I‘HY6I/[HY IIPOHNKHOBEHN .
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a 0
Puc. 8. IIpumepn okpauenHoro Matepuana iyist TMB: a — Matepuan HaHeceH Ha IOBEPXHOCTb U3JIENsE; 6 — KPAcKa B Tape

Takum 06pasom, B pe3y/ibTaTe IPOBEAEHHBIX UCCIEOBAHNIT TOKa3aHa 3¢ (eKTMBHOCTD
VICTIONIb30BAHNA JIVMOHHOJ KUCIOTBI ¥ ITIOKOHAaTa HATpuA B KadecTBe UHTMOMTOPOB
TBepfieHus1 OeTOHa, pa3paboTaHa pellenTypa MOIYYeHUs arperaTMBHO YCTONYMBOI BOJHO-
IVICTIEPCYOHHO KPACKY JIA TEXHOJIOTUY «MBITBI 6€TOH» 113 JOCTYITHOTO Ha CHIPbeBOM PhIHKE
P® cpipps, ycTaHOB/IEHA 3aBMCYMOCTD CTEHEHU NPOHMKHOBEHVS MHIMOUTOpa B OETOHHOE
usfienue OT COAEp)KaHNUSA ero B Kpacke, pa3pabOTaH acCOPTMMEHT I[BETHBIX Kpacok,
OT/INYAOIIVIXCSA TPOHMKAIOIIEN CIOCOOHOCTBIO.
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Hayunas cmamos
VIIK 620.3:677.027

MOJIU®UKAIIVISA CBOVICTB BOTOKHMCTBIX MATEPUMAJIOB
C ICIIOJTb30BAHVEM HAHOTEXHOJIOTUI

I. E. Kpnuesckuit', O. I. Omnanosa?, C. B. Koponés®

I'epman EBceeBuy KpudeBckwmit, fi-p TexH. Hayk, mpod., Onbra ViBanoBHa OmMHIIOBA, [-p TeXH. HayK, pod.,
Cepreit BacunbeBna Koponés, kan. TexH. HayK

'000 «HIIO Texcrumbnporpecc VImxeHepHOI akaieMiu Hayk», Mocksa, Poccus, gek20003@gmail.com
*/IBaHOBCKMIT TOCYyapCTBEHHBII XMMIKO-TeXHOIOTMYeCKNI! yHuBepcuteT, VBaHoBo, Poccus, odolga@yandex.ru,
*000 «O6pennHenne «CrienuanbHblit TeKCTIby, Llyst, Poccust, smart-textile@mail.ru

Kntouesvie cnosa: Annomauus. B cospemennotl Muposoii 9KOHOMUKe HAHOMEXHONIOZUU UZPAIOM
HAHOYACMUUDL, HAHOUACUUDL  8AXCHYI0O  POb,  «pabomas», KAK NPABUNO, COBMECIHO C  Opyeumu
cepebpa, MUKPOKANCYbl, KoHBepeeHMHOIMU (HAH-, OUO-, UHPO-, KOZHUMUBHLIMU) MEXHONOLUAMIU.
NOMUINEKMPOTUMDbL, Ces13v ama npusodum k dPgexmy cuHepeuu, mo ecmv K HeIUHEUHOMY
PyHKYUOHANIbHDIE Bewjec6a, — PA3BUMUI UHHOBAUUL. Bnewamngem Ounamuka pocma nPou3eedéHHol
AKAPULUOHO-pennenenmmubie  MUPOBOTi  NPOOYKyuu  noHawomexuonoeusim.  Muposoii  poiHok
seuiecmeda, apomamuseckue HauomexHonozuii 8 2021 200y cocmasun 85 mapo donnapos, 6 2024 200y (nnam)
seujecmaa cocmasum 140 mapd donnapos. IIpoenos Ha 2030 200 — 288 mapo 0onnapos.

Oco6oe meco 6 HAHOMEXHONOZUAX 3AHUMAETN NPOU3BOOCNB0 HAHOUACTIUY,
PA3nUUHOL NPUPOObL U UX UCHONL308AHUE 6 PASHBIX OMPACTIAX UHOYCPUL,
obnacmsax  Hayku u  mexuuxu. Kak cama  nanomexHomoezus,
max u npouseoocmeo, U NpuMeHeHUe  HAHOHACMUY, — SAGIAOMCA
MEHOUCUUNTIUHAPHOIMU U Medompacniesvimu. Mx  nonv3osamensimu,
3aKAZHUKAMU ABNAIOMCA PA3BUMble OMPACTU UHOYCHPUU, 6 MOM HUCTe
MeXCMUNbHAS NPOMbLUTIEHHOCMD. [IPUMEHAIOM HAHOUACMUUDbI MEMAnos,
Kax 6 (popme KOMIOUOHDBIX PACIBOPOS, MAK U 6 COCmAse MUKPOKANCYT,
codepiawsux 6 sA0pe (PYHKUUOHATIbHbIE BeUeCtnea pPA3NUUHOU NPUpoobL.
Paccmompenvt  Hexomopuie memoOvl NOMYyHeHUS HAHOHACHUY, Memassos
ucunmesa  muxpokancyn.  IIpusedenvi — mexHonmoUU — NPUMEHEHUS
MUKPOKANCYL ONIA PYHKUUOHATUIAUUU MEKCIUTIA.

JUIs HUTUPOBAHNA:

Kpuueckmit T.E., Opmuumosa O.J., Koponés C.B. Mopuouxaums CBOVICTB BOTOKHUCTBIX MaTepHayoB
C UCTIONb30BaHMeM HaHOTexHonoruit // Om xumuu k mexuonoauu wiae 3a wazom. 2023. T. 4, Boim. 4. C. 36-51.
URL: http://chemintech.ru/index.php/tor/2023-4-4

C mepBBIX >Xe JIeT NOsBIeHMs HaHOTexHonmormit (Havamo XXI Beka) B peanbHOI
9KOHOMUKE OJJHUM V3 IJIABHBIX OOBEKTOB €€ NMPaKTMYeCKOTO IPWIOXKEHMs CTala MUpPOBas
TEKCTW/IbHAsA HPOMBIIUIEHHOCTb. Hinke mnpuBenéM oO4YeHb SAPKYHO CTaTUCTUKY MUPOBOTO
IPOM3BOJACTBA HAHOTEKCTM/ISA  (IIMPOKOe IIOHATME — TeKCTWIb, IPOU3BENEHHBIN
C UCTIONIb30BaHNeM HaHOoTexHomorui) B gomrapax CIITA. Kak MOXHO BUeTh 13 IPUBEREHHBIX
1P, UCIIOTb30BaHe HAHOTEXHOIOTUI B IPOM3BOJICTBE TEKCTU/IS BO BCeX ero popmax pacTér

©T. E. Kpnuesckuii, O. V1. Opunnosa, C. B. Koponés, 2023
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U TIPEVMYIIeCTBEHHO B O0/IACTAX TEXHUYECKOTO ¥ apMeVICKOTO TeKCTmaA. V 9To MOHATHO,
IIOCKOJIPKY B 3TUX O0JIacTSX JCIIONBb30BAaHMSA TEKCTWIA CepbE3HO BO3POCIU TpeOOBaHMS
U 110 00béMaM, ¥ O MaTepuajaM C HOBBIMM CBOJICTBaMM, KOTOpbIe MOTYT 00ecriednThb
HaHOTEXHOJIOTMN. M1poBOe MPOM3BOACTBO U MOTpebIeHne BceX BUAOB TekcTund B 2018 roxmy
- 780 mIpp monnapos.

CTpaHBl OCHOBHBIE 9KCIOPTEPHI TeKCTIA B 2018 roxy B Miipy, fomnapos [1]:

Kurait - 257,8; l'onkonr - 21,3;
Wupus - 37,2; Wcmanus - 18,6;
Baurmagemn - 36,8; Opannusa - 15,7;
I'epmannsa - 35,8; benbrusa - 15;
Wramusa - 35,1; IO>xnas Kopes - 13;
BretHam - 34; [Takncran - 13;
Typuusa - 26,8; Poccus — HeT JaHHBIX.
CIHIA - 25,8;

HaHoTexHOTOrMM U TEKCTUID

MupoBoe poM3BOACTBO BCEX BUJIOB TEKCTIIS IO HAHOTEXHOJIOTVAM [2]:

2016 ropm — 77,3 MIIpA, JO/IIapOB, 2022 rop — 295 mipj, lo/I1apoB
MupoBoe Ipou3BOACTBO TKaHEN 110 HAHOTEXHOIOTUAM:

2016 rog - 50,5 Mpg, [o/LIapoB, 2022 rog - 101 mupp KomIapos.
MupoBoe pou3BOACTBO JOMAIIHETO TEKCTUIIA 110 HAHOTEXHOIOTUAM:

2016 ropm — 6 MJIpJ, IO/IAPOB, 2022 rop — 36 MIpJA BOIIAPOB.
MupoBoe Ipou3BOACTBO APMENCKOTO TeKCTWU/IA 10 HAHOTEXHOIOTUAM:

2016 rog — 390 M/IH O/IAPOB, 2022 rop - 1,6 MIpA KO/IAPOB.
MupoBoe Ipou3BOACTBO MEAVILIMHCKOTO TEKCTU/IA 110 HAHOTEXHOIOTUS:

2016 rog — 40 MIIH KO/UIAPOB, 2022 rog - 1,2 mypA KO/IAPOB.
MupoBoe Ipou3BOACTBO CIOPTUBHOTO TEKCTU/IA 10 HAHOTEXHOIOTAM:

2016 rog — 85 M/IH KO/IAPOB, 2022 rog - 170 MIH JO/IApOB.
MupoBoe Ipou3BOACTBO TEXHNYECKOTO TEKCTU/IA IO HAHOTEXHOJIOTVAM:

2016 rog — 20 Mpp [oIapos, 2022 rop — 155 mipp, KO/IapoB.

Hona pasHBIX BUJOB MMPOBOTO TEKCTWIA, IPOU3BENEHHOTO IIO HAHOTEXHOIOTMAM
B IIPOLIEHTAX:

Txaum - 10,73%; MeannmHckuit TeKCTuab — 21,82%;
JloMamHmit TeKcTub — 36,59%; CnoptuBHbBI TeKCTUIb — 13,5%;
ApMericknit TeKCTUb — 29,29% TexHmyeckuit TekcTunb — 45,1%.

HanoTexHomorum u TeKCTUIb

Vcrionp3oBaHue HAHOTEXHOJOTMII M1 IPOU3BOJCTBA TEKCTWIA Pealu3ylTCs
10 HECKOJIbKMM HarmpapaeHysM [3,4]:

— MPOM3BOJCTBO HAHOYACTUL], C 11€/IbI0 NPYU/IAHNSA TEKCTU/IIO CIIeLa/IbHbIX CBOJICTB;
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— IPOM3BOACTBO BOJIOKOH CIELVATbHOTO Ha3HAY€HMA C IOMOLIbI0 HAHOTEXHOJIOTMIA
Y HAHOYaCTUL;

— UCIONIb30BaHME HAHOTEXHONOTMII ¥ HAHOYACTUIL JIA TPUJAHUA TEKCTUIIIO
CIela/bHBIX CBOJICTB;

- paspaboTKa HaHO- ¥ MMKPOKOHTENHEpOB I (YKIVMOHAIM3ALUM TeKCTV/IbHBIX
MaTepUasIOB.

HPOI/ISBO,T.[CTBO HAHOYACTULT ¥ MX MNCIOAb30BAHNE [IA INPpUNAHNA TEKCTUIIO
CII€ENAIbHbBIX CBOJICTB

ITo crouMocTy MMUpOBOE MPOM3BOACTBO HAHOYACTUL] Pa3HOTO BUJA cOCTaBMIoO B 2021 r.
2,4 mupp pommapos, mmaH Ha 2030 r. - 6,4 miapp po/apos. HaHodacTuibl — 3TO
HaHopa3MepHble 00beKThI (1-100 HM), ob61afjaroLIie KOMIIEKCOM L[€eHHBIX CBOJICTB, KOTOpPbIE
ompefenATCss MX pasMmepamu ¥ ¢opmoit. HaHowacTuipl mo cBouM PuU3MUECKUM,
XMMUYeCKUM, QU3UKO-XVMIYECKUM, OVOTOTYeCKIM CBOJICTBAM OT/IMYAIOTCS OT MaTepHanoB
TOTO K€ XMMIYECKOTO CTPOEHMS B MUKPO- U MaKpodopmax.

HoBsble cBOJICTBAa HAHOYACTUL] CBSI3aHbI C X Ma/IBLIMI pa3MepaMi, YTO IPUBOAUT K OYeHb
OO/BIION TOBEPXHOCTM HAaHOMAaTepuasa, ero MeXaHMYeCKOVl MPOYHOCTH, CIOCOOHOCTU
HAHOYACTHUL] TPeOfi0JIeBaTh (P131MOIOTndecKyie 6apbepbl, HPOSB/ATH YHUKA/TbHbIE OVOIVIHBIE,
ONTUKO-KOJIOPUCTUYECKNE, O9JIeKTpUYecKle, MArHUTHbIEe, KBAHTOBbIE, KaTa/lIUTUYECKIe
cBoJicTBa. Bce cBOIIcTBa HAHOYACTUII, KOTOPBIMY OHYM O0J/IAJIAIOT, OHYU 3CTaeTHO, B OObIIIEN
VIV MEHbIIIell CTeIIeHY, epefaloT CyOCcTpaTaM, B KOTOpble OHM OOBEMHO MU OBEPXHOCTHO
BKJIIOYEHBI [2].

MCTOI[I)I npou3BOACTBA HAHOYACTUILY

B npupoze BO3HMKAIOT I PYKOTBOPHO CO3/IAI0TCS HAHOYACTHUIIBI IO BYM CXEMaM:

- «CBEpXy-BHM3» TYTéM JOpoOIeHUs MAcCUBHOIO  MaTepuaja  pasIM4HbIMU
¢dusnuecknMu MeTofamu (BakyyM, y1a3ep, BOSTOHKA 1 JIp.);

- «CHU3y-BBepX» IyTEM acCOLMalMy aTOMOB MWIM MOJIEKY B  acCOIMAThI
HaHOPa3MepPHOro MacuITaba.

Bropas cxema xapakTepHa /i1 00pa3soBaHNsA Pa3IMYHBIX HAHOCTPYKTYP B IIPUPOJE U
6mM3ka K sABAEHMAM KowtoupgHoit xmmuy. OHa 4acTo peanmnsyercss M PYKOTBOPHO IIO
IPUPOOTOA0OHBIM HAHOTEXHOMOTHAM [5].

HPOI/ISBO,T.[CTBO n JNCNONb30BAHNE B IIPOM3BOACTBE TEKCTWIA HAHOYACTUIY
6}IaI‘OPOHHbIX M TSKENBIX META/l/IOB

Cpeny BcexX BUIOB HAHOYACTUI] 0CO00€ MECTO 3aHMMAIOT HAHOYACTUIIBI 67TarOPOHBIX
(Ag, Au, Pt) u tsoxénpix meramnos (Fe, Cu, Zn, Tin gp.).

HaHnodacTuiisl aTMx MeTa/UIOB JOIOTHUTENTBHO KO BCEM ITOJIOXKUTE/IbHBIM CBOVICTBAM
BCEeX HAHOYACTUI] IIPOSIB/IAIOT OYeHb BBICOKVE OMoLyHble (aHTMMUKPOOHbIE, aHTUBJUPYCHBIE)
CBOJICTBA IIVPOKOTO CIIEKTpPA HEVICTBUA U NPOSABJAIOT KBAaHTOBbIE 3((eKThl — IpuobpeTaroT
OKpacKy B LIMPOKOM JiMalla30He CIIeKTPa B 3aBUCUMOCTH OT pa3Mepa U (popMBbl yacTuIl.
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HanodacTuiis! 671aropofiHbIX 1 TSDKE/IBIX META/UIOB TaK XKe, KaK U HAHOYACTUIIBI IPYTUX
BUJIOB, MO>KHO IPOM3BOAUTH XUMUUIECKUMIY, PU3MUECKUMM JOPOTOCTOSIIVMIU ¥ CTIO>KHBIMU
MeTOJjaMM, @ TAKXKe «3eJIeHBIMI» — 9KOJIOTMYEeCKM YUCTBIMU criocobamu (puc. 1).

CunTes HAHOYACTHI METAMI0B

7
l I l

XHMHYeCKHe MeTOEI ] [ Du3ngeckne MeTOIH ] [ IKOIOTHIECKH THCTBIE METOTI ]

XHMHYECKOe ]

YABTPa3BYKOM
BOCCTAHOB/IEHHE

)
|

l Jazepuan abasuus Tpubst

Bpyer- Pocr
IMuddpun JaCTHI

MuxpoopraHmzMEL

Haxyuenne

. JIeKTPOOCAKIEHHE
| I| Jonb-TeTs MeTOT ] Mnpomns

Puc. 1. Knaccudumxanms cmocoboB crHTe3a HAaHOYACTHUL] METAIOB [6]

Hanouactuisl cepebpa MOXXHO IIOJYYUTH IIOCPECTBOM BOCCTAHOBJICHMS U3 BOJHBIX
PacTBOpPOB HUTpaTa cepedpa IOJ AeiiCTBMEM TAaKMX BOCCTAHOBUTENEN, KaK OKCa/laT HATPUs,
JIBYOKVICb TMOMOYEBVHBI, JUTUOHNUT HATPUsA, AMATbIETN | 1jaBeleBOoil KUCTOTHI (IIMOKCab)
VUIU TIPMPOJHbIE COEAVHEHNA - TII0K03a, aCKOPOMHOBAs KMC/IOTa, TAHUHBL [7].

Crabunms3nupoBaTh KOJUIOMIHBIE PAacTBOPbI HaHOCepeOpa IpeiIaraloT pacTBOpaMu
HO/MUSIEKTPONMUTOB  [8]:  MOMMAMA/UIMIAVIMETMIAMMOHWIT — XJIOPMAQ,  IOMUTYaHU[MHA,
aKpWIOBBIX CONONIVIMEPOB, aAbIMHATa HATPUA U JPyrMX. MMUHUMaNbHBIL —pasMep
CUHTe3MPOBAaHHBIX YacTUI] cepebpa XapaKTepeH I CUCTEM IJIMOKCA/lb-TIOIUTYaHUANH
U cocTaBnsAeT 2-4 HM. AHTHOaKTepuanbHble CBOJCTBA TEKCTM/IBHBIX MAaTepUAJIOB,
00pabOTaHHBIX TAaKUMM TUAPO3OSAMU cepebpa, OIpefie/leHHble II0 METORY MUCKOB,
XapaKTepU3yIOT 30HOI 3afep>KKM pocra OakTepuii, Kotopas cocraBiasger 14-19 MM 1o
otHomennio k Escherichia coli, Staphylococcus aureus, 3-7 mMm 1o orHowennio Kk Candida
albicans [9]. IIpep1o>keHHbIE COCTABBI IpefHa3HAUYEHBI /11 00PabOTKY MEAVIIVHCKOTO Oerbs,
a TaK)Ke 3aIMTHBIX MaCOK.

[l co3maHus NepeBsI30YHBIX CPECTB MCIIONb30BAH OPUTMHAJIBHBI, 9KOMTOTMYHBII,
IPYPOJOIIONOOHBIN 6MOCKHTE3 C IIOMOLIBIO OMOTIONMNMepPOB — nonucaxapuzos [10].

[Tomucaxapupbl B CWIy CBOErO XVMMYECKOTO CTpOeHus (Hamymuue B OOJIBIIOM
KONM4YecTBe (PYHKIMOHAIBHBIX TMAPOKCUIBHBIX, IO/MyalleTa/IbHBIX TIPYI) CIIOCOOHBI
BOCCTaHAB/IMBaTh KaTVOHBI COJIEll META/IOB (IIPEKYpPCOPBI) 1O HY/Ib-BaJIEHTHOTO aTOMapPHOTO
COCTOSIHMsI, KOTOpBIe Jajlee acCOLMUPYIOT GO HAHOPa3MepHBIX OOpa3soBaHWIT HAHOYACTHUI]

METaJIIOB:
MeA 2 Me™ + A"~

BOCCT.

0
Me™ — Me% - [nMe°] - HUMe
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Bbuononmumep (monmmcaxapuz) B QopMe TIMApOreNns BBHINOMHSIET OXHOBPEMEHHO
Tpu QYHKIMN:

1. Buopeaktop - mmar¢popMa, B KOTOPOJ IPOMCXOAUT pPeaKLus BOCCTAHOBJIEHMUS
KaTMOHOB METAa/UIOB /0 ATOMApHOTO HEMTPAJIbHOTO COCTOSAHNSA, aCCOIMAIMA aTOMOB
10 HaHOpa3MepHBIX 0Opa3oBaHMiT (HAHOYACTHUIIBI METAJUIOB).

2. bmoBoccraHoBuUTeNDb, OONMAmAOUMIT (QYHKIMOHAIBPHBIMY TPYIIAMM, CIIOCOOHBIMU
K redox peakiusam. BoccTaHaB/IMBAIOT KaTMOHBI 1O HEITPA/IbHBIX aTOMOB, CAMI OKUCTISSCh.

3. KommonpHble crabunmmsaTopsl 06pa3oBaBILeiics HAHOAUCIIEPCUIL.

B kadectBe OMOBOCCTAaHOBUTEJENl KAaTMOHOB  MET/UIOB  MOTYT  BBICTYIATh
Y TIOJIICaXapUbL, ¥ OeIKV IPUPOLHBIX BOIOKOH. B aTOM citydae popMupyroTcss HAHOYACTUIIbI
MeTa//IOB HEIIOCPEICTBEHHO Ha TeKCTUJIE U3 IPUPOJHBIX 11e/UII0IO3HbIX 1 6€IKOBBIX BOTOKOH.

[Tony4yeHHble OMOCHHTE30M HAHOYACTUIIBI META/UIOB MOTYT OBITH JICIIOJIb30BaHBI /IS
IPOM3BOACTBA MEIMILIMHCKOTO M AQHTMMMKPOOHOTO TEKCTWIA U B JPYIMX OOacTAX HayKU
Yl TEXHVUKM: B OYVCTKe BOJBI U BO3[lyXa, B OPraHMYeCKOM KaTajiyse, B CEIbCKOM XO3SICTBe,
B YIIAKOBOYHBIX MaTeplajaX HOBOTO IIOKOJIEHIS, B COBPEMEHHOJI OIITHKE.

Vcnonb3oBaHue HAHOTEXHONMOIMII ¥ HAHOYACTUIL, B INPOU3BOJACTBE HOBOTO
MOKOJIEHIA BOIOKOH CO CIenaabHbIMU cBoyicTBamu [11].

IIpou3eo00cmeo 6010K0H HAHOPA3MEPHDIX NO Ouamempy.

B 0OCHOBY 3TOJ TeXHOMOTMM IOJIOXKEH IPVHIMII JUCIEePTUpOBaHMs (paciieryieHns)
CTPYM BS3KOTO PAacTBOpa WJIM pacIUIaBa BOJTOKHOOOPA3yIOLIEro IIO/IMMepa IOJ, AaBJIeHUEM,
IIPOXOJISIIEro Yepe3 IOCTOSIHHOE 37IeKTpudeckoe moe. O6pasyroniecss CTPYKM HOMMMepa
¢$OopMMPYIOTCSI B HAaHOBOJIOKHA. [IpMHIMNMAIBHO TaKMM METOLOM, KOTOPBII HAa3bIBAaeTCs
9/IeKTPOCIIMHHMHIOM (3/1eKTpodOpMOBaHNe), MOKHO IIPOV3BOAUTh HAHOBOJIOKHA M3 BCEX
BOJIOKHOOOPA3yloIIMX NpUpORHbIX [12] u cuHTeTMuyeckmx mommmepos [13]. I'maBHbIE
IepeBeCTV 3TV OIVIMEPHI B BSA3KMII paCTBOP VIIU PacIl/IaB.

Psan ¢pupm BeImyckaeT 060pynoBaHue, Ha KOTOPOM MOYKHO ITPOM3BOANUTb HAHOBOJIOKHA
PasIMYHON XMMIYECKO Ipuponsl [14].

HaHoBOo/MOKHa WMCHONB3YIOTCS B KadecTBe IUIATGOPMBI B BOCCTAHOBUTE/IBHOI
MepuiyHe B (popMe HETKaHBIX MaTepyUaoB, B PaHO3WKMBJLAIOIMX amIUIMKanysax [15, 16],
B IPOU3BOACTBe (IIbTPALMOHHBIX (KUJAKOCTb, ra3) MarepuanoB [17]. Ocobymwo
3pPEeKTUBHOCTD TaKyue MaTepuasabl JEeMOHCTPUPYIOT IIPM OYMCTKE >KMUAKOCTY ¥ BO3ZyXa
OT ITaTOT€HHBIX BPEIHBIX MUKPOOPTaHU3MOB I BUPYCOB.

HanonHeHne nmpyu nmpou3BOACTBe XMMUYECKUX BOTOKOH HAHOYACTMIIAMU C I[€TBIO
NPUJAHNS UM CHeI[MaTbHbIX CBOIICTB [18].

Ecnu BBOAMTD HAHOYACTULBI Pa3IMYHON IPUPOABI UM C PA3ANYHBIMU CBOWICTBAMU
B BA3KJME pAcCTBOPBI WUV pacIUIaBbl IIepef CTafjueil MX IPOXOXKOEHNSA depe3 (UIbepbl
OpAAVWIBHBIX ~MAIIVH, TO HAHOYACTUIIBI «3CTadeTHO» MepefjafyT CBOM  CBONCTBA
HAaHOHAIIOJIHEHHOMY BOJNOKHY. CdopMmpyercs KOMIIO3UTHOE BOJIOKHO C OCHOBHBIM
BEIIeCTBOM  BOJIOKHOOODA3ylolllero Io/iuMMepa ¥ HANOJMHUTEAA — HAHOYACTUI[AMM.
910 06BEMHOE pacIpefie/ieHyie HAHOYACTHUI B BOIOKHe.
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Takum o00pa3oM, BOJOKHAM MOXXHO IpMUJaBaThb MOBBILIEHHYI0 IIPOYHOCTD,
6uonHOCTD [19], MarHUTHBIe, 97eKTpuYeckne, GpoToakTuBHBIE, cynepruipodobdHbre [20],
orsesammtHele (21, 22] m gpyrue cBoyicTBa. B 3TOI TEXHOMOIMM IPOM3BOACTBA BOJIOKOH
BO3HMKAIOT IPOOJIEMBI C IPOXOKEHEM KOMIIO3MLIMY Yepe3 (puIbephl MPsVIbHON MalLVHBL

MoXXHO peann3oBbBIBaTh O0OPabOOTKYy HaHOYAcTUI] Ha Oojee IIO3JHEN CTauK
IIPOM3BOACTBA XMMUYECKUX BOJIOKOH, @ MMEHHO Ha CTa[uyl 3aMac/VBaHVs, BBOJA B COCTaB
3aMac/yBaTe/ld HAHOYACTHIBL. B 9ToM coyyae HaHOYacTMIBI OYAYT OTKIAAbIBATbCSA
Ha IIOBEPXHOCTM BOJIOKOH ¥ IOTpeOyeTcsi 00eCHeuuTb MX BBICOKYIO afire3ui0 K BOJIOKHY
JUIS IepMaHeHTHOCTY 3¢ deKTa.

HNcnonp3oBaHne HAHOTEXHOIOTUI U HAaHOYACTUL] HEMOCPEACTBEHHO B OTACIOYHOM
NMpOU3BOACTBE C ICABI0O NPUTAHNA TEKCTUIIO CIIEITUATbHBIX CBOJICTB.

HaHoTexHOMOTMY ¥ HAaHOYACTUIBI IIMPOKO VICIIONB3YIOTCA B IIPOM3BOJCTBE TEKCTUIIA
HeIOoCPeICTBEHHO Ha OT/Ie/IOYHBIX (padprKax. ITO HPOUCXOAUT MPEVMYIIeCTBEHHO Ha CTa/IuN
3aKJIIOUYNTETBHON OT/E/NKY (aIIpeTHpOBaHIe).

OCHOBHBIE CBOJICTBAa, KOTOpbIE NPUAAIOT TEKCTWIIO C IOMOIIBI0 HAHOTEXHOJIOTMIA
VM HAHOYACcTUI] B  3aK/IIOYMTE/IbHON  OTHENKe: aHTMMUKpPOOHble, 3ammra oT YO,
OTHe3alIMIIEHHOCTD, BOLOOTTATIKMBAHIE, TPSI3€0TTATKMBAHNE, CAMOOYNINAIONIe, TedeOHbIe
CBOJICTBA.

AHTUMUKpPOOHAsE OTHe/NKa NPUAAETCSA IJIABHBIM OOPa3oM C IIOMOIIbI0O HAaHOYACTUI]
cepeOpa ¥ Meiy IO Pa3HBIM HAaHOTEXHOJIOTYAM (HAHOCAT FOTOBbIe HAHOYACTHUIIBI HA TeKCTIUIIb
U QUKCHUPYIOT, CUHTE3MPYIOT HAHOYACTUIIBI HEIIOCPEICTBEHHO Ha TEKCTUIE).

- 3amuTa or YO paspylleHNs ¢ MOMOIIbI0 HAHOYACTUI] ABYOKMCH TUTaHA M OKCHJA
[MHKA, 00/1a[Jaf0IINX BBICOKOI (POTOAKTUBHOCTBIO [23].

- Ilpupanue MATKOCTY TEKCTUIIO C IIOMOIIIBIO HAHOIMY/IbCUIA [24].

- BogoorrankmBarmomue ¥ = MaclIOOTTAJIKMBAIOLINME  CBOJCTBA C  IOMOIIBIO
HaHoruzapodobM3aTopoB 1 HaHOMACTOPOO6U3aTOPOB [25].

MuxkpoxkancynupoBaHne (QyHKIMOHATbHBIX BeIECTB AA OTHENKN TeKCTMIbHbIX
MaTepHanoB.

Co3faHue HaHO- ¥ MUKPOKOHTEIHEpOB I KAaICyIMpOoBaHMA (PYHKI[MOHAIbHBIX
BelleCTB  —  3HAYMMasg  TEHJIeHIWA  pasBUTUA  HAYKOEMKMX  HAaHOTEXHOJIOTHIL.
MMKpOMHKAICYIALMA — 3TO MPOIiecC 3aK/IM0YeHNa QYHKIVIOHAIbHOTO BellleCTBa B 000/I0UKY,
KOTOpasi 3allMIIAET ero OT VICTIAPEHIIs, 3aTPA3HEHNSA U BIVAHVIA IPYTUX BO3IEIICTBIIL OKPY>KaloLIeit
Cpefibl, TMO3BOJIAA BEIECTBY BBICBOOOXKHATbCA IPOTOHIVMPOBAaHHBIM obpasom [26, 27].
BbimenAoT OTHE/NIbHBIM pasfie/ioM MUKPOKAIICYIMPOBaHNE TEKCTUIBHBIX BCIIOMOTAaTe/IbHBIX
BEIIIeCTB.

Cy1ecTBYIOT pa3IMuHble METO/bI MUKpOKaIcynupoBauus [28-33]. [Ins dopmupoBanus
MMKPOKAIICY/T UCTIONB3YIOT dpusndeckne [34, 35], xummdeckne [36-39] u pusnuko-xuMmdeckne
crioco0sr [40, 41].

[IpumepoM (u3MYeCKMX MeTOAOB, IPMMEHAEMBIX I MUKPOKAIICYIMPOBaHUA
3bUPHBIX Maces, ABJIAETCS paclblUINTeNbHasA cymka [42]. [Jnsa ¢popMupoBanus apXuTeKTyphl
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000/I0UKY KAaIICy/IBl MCIOb3YIOT KaMelb aKaluu, XuTo3aH 1 fp. [43]. PacnpocTpaHneHHBIM
METOOOM KaHCY}II/IpOBaHI/IH I‘]/I,HpO(bO6HbIX IIpenapaToB B BOJOHEPACTBOPUMbBIE ITOIVMMEPDL
SIBJIIETCS METOJ] SMY/IbIMPOBAHNSA U YIATeHUs pacTBopuTens [44-48].

K ¢usuko-xummueckum croco6aM MOXXHO OTHeCTM INpocTyio [49-50] m crmoxHyo
KoanepBanuo [51, 52], a Takke MeToj MOJIEKy/sIpHOTO BKModeHus [53]. B atux cmocobax
060/109KOQOPMUPYIOIMMY TONMMEPaMIU SBJIAIOTCSA KpaxMal, XMUTO3aH, KaMe[b aKalluli,
KETMAaTVH U TyMMuapabuk. Matepman sAppa — Macia M Kpacutemyu. s MOJEKYIAPHOTO
BK/TIOUEHVISI IPYMEHSIIOT Yallle BCEro B-LMKIO0/eKCTPUH.

XumMmaeckue METObI HOHY‘ICHI/IH MI/IKpOKaHCY}I COCTOAT B CHUHTE3E apXI/ITeKTypr
000/I0YKY KAIICy/IBl BOKPYT sfpa B pe3yabTaTe IOMMMEPM3ALMU VI IHOTUKOHJEHCALUN
0007109K0pOPMUPYIONINX BEIIECTB.

OpHMM U3 IepBBIX IPEJIOKEHHBIX XVMWYECKUX METOJOB CMHTE3a MUKPOKAIICY/
ABJIIETCS NIPOLIeCC IOMMMePU3aLNN i1 Situ, KOTOPBIN HO CETOHSAIIHETO THS He IOTEPSUI CBOIO
aKTyalbHOCTb [54]. OH BK/IIOYAeT Takye IPOIeCChl, KaK 3MY/IbCMOHHAS, CYCIIeH3VOHHas,
OCaXKJIeHHAasl VUM JMCIePCUOHHAs MoMMepu3anys 1 Mex¢asHas MOMMKOHAeHcanus [39].
B arom crydae mpsiMas nonmuMepyusanyist IPOYICXOAUT Ha IIOBEPXHOCTYU TBEPHON YaCTHUIIbI VTN
KaIUIV, TO €CThb IIPOTeKaeT Ha TPaHuIle pasjiera XIAKOCTb-XXIKOCTb, TBEPAOe TeI0-KIIKOCTb,
XKVUJIKOCTb-Ta3 VIV TBEPJ0e Te0-Ta3 ¢ GOPMMUPOBAHIEM APXUTEKTYPBI 000TOYKY KaIICYJIbL.

[Tonmumepusauys in situ IPOUCXOJUT B IMY/IbCUAX TUIIA «MACTIO B BOJIE», YTO ITO3BOJISIET
00pa3oBbIBaTh MMKPOKAICYIbl C TUAPO(GOOHBIM SAPOM, HECMEUIVBAIIIVMCA C BOJOIL.
B pesynbTate nomydarorcs chepudeckue, pesepByapoobpasHble MUKPOKAIICYIIBL C IJIAJKIMIL,
IIPO3PAaYHBIMY, ITPOYHBIMYU M YYBCTBUTETBHBIMU K JIaB/IeHNIO 000/109KaMu. JJaHHBI MeTOf,
AB/sieTcs: Harbonee nmpocteiM. OOpasoBaHye SMYIbCUIT MOXKET OBITh YCKOPEHO PasIMYHbIMU
busMyecKrMI BO3/eVICTBIAMY, HAIIPUMeEP, IeliCTBIEM YIbTpasByKa [55].

B 1959 ropy BuepBble ObIT OTKPBIT MeTOj Me>X(asHOil HOoNMMMepusanyy B KadecTBe
a/IbTePHATVBBI BHICOKOTEMIIEPATYPHOI METOAMKE ITOIVIMEPU3ALUY B PacIIaBe TPV HU3KOM
faBieHyu. I[Ipy MMKpOKAIICyIMpOBaHMM MeETOAOM MeX(asHO! IOMMMepu3aluy OfUH
13 MOHOMEPOB pacTBOPsETCA B BOAHON (pase, a APyroit — B OpraHMYECKOM IUIIOPIIBHOM
pactBoputene. Oba MOHOMepa pearvpylT Ha TpaHMIle pasjiefia Kalelb ¢ obpasoBaHNEM
HOMMMEpPHONI MeMOpaHbl — O0OJIOYKM MUKPOKAICY/Ibl. Marepuan sfpa MOXeT OBbITh
ruapodoOHbIM WM TUAPOGUIBHBIM. JIIs1 cMHTe3a 000/IOYKM TaKMM METOIOM IPUMEHSIOT
YeTbIpe OCHOBHBIX THUIIA IIONMMEPOB: IIONMMAMUABI (peakiysa AMAMMHOB M XJIOPUJIOB
JIBYXOCHOBHBIX ~ KUCJIOT), TONMypeTaHbl (peakuus AUM3OLMAHATOB C  [JVOJIAMMU),
HOMMOYEBUHBI (peakiysl AMAaMMHOB C AUM3OLVIAHATAMM) M NOMMIPUPHI (peakuyss Mexmay
XJIOpUZIaMM JBYXOCHOBHBIX KUCIOT M ayonamu). PopMupoBaHue apXUTeKTypbl IOMMMEepHOI
000/10YKN Ha TpaHuUlle pasfesia BKIIOYAET CJIOXKHbIE MEXaHU3MBI, KOTOpBIE ellle He 10 KOHILA
U3y4eHBbI.

OcHOBHBIe MeTOZbI MeXK(asHOI MOMMMepU3alyy BKIKYAT PaboTy CO CIefyIoLIMI
CHUCTeMaMU: >KUAKOCTb-TBEPAOE TeNO, >KUAKOCTb->KUAKOCTD I SKUAKOCTb-B->KUAKOCTD
(aMynbCKM), MOHOMEPBI MOTYT COfiepXKaTh KakK OfHY, Tak U obe >xuakue ¢aspl. TexHomorns
JMeeT TaKOJl Ba)KHBIJI HEJNOCTaTOK, KaK HEePaBHOBECHOCTb IIPOLleCCa, YTO YCIOXKHSET
yIIpaBJIeHNe I B/IUACT Ha XOJ] IPOTEKAHNA peaKIIL.
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K xuMmuueckum MeTopaM Tak)Ke OTHOCUTCSI CHMHTe3 IIO/IM3IEKTPOTNTHBIX HAaHOKAIICYI:
Mmerop, «Layer-by-layer» — anmekTpocTatmyeckas caMocOOpKa, KOTOPBII ObUI IpefIosKeH
ydenbiMy MHcTuTyTa Makca [Tnanka B 1998 rony [56]. Briepsbie metop «Layer-by-layer» (LbL)
UICTIONIb30BaH /11 (pOpPMUPOBaHMS MOHOC/IOVHBIX YIbTPATOHKUMX IIOJIMMEPHBIX IUIEHOK
Ha MaKpOCKONIMYECKO MofoxKe. B 1966 roay aBTopaMu pabotsl [57] ObIIO IpenioKeHO
IPUMEHATD AJIs1 COOPKY IVICHOK IoodepeHyo afcopbunmio. B 1991 roxy Decher ¢ coaBropamu
paccMOTpenu  MeToj, IIONyYeHMA  IONMANIEKTPONUTHBIX  IUIEHOK,  3aKTI0YAIOLINMIICT
Ha II00YepeRHOI afcopOIy MONMMKATVIOHOB ¥ IO/IMAHMOHOB Ha MOJIOXKKe [58].

B 1998 roy TexHOMOIMA 6BLIA YCIIEIIHO ITepeHeceHa Ha TOBEPXHOCTHYI0 HAHOVHKEHEPUIO
ANEPHBIX YacCTUI] MUKPOHHBIX U CYOMMKPOHHBIX pasMepoB IyTeM IIOIepeMEeHHOTO
BO3JIEVICTBUS MOJIMAIEKTPOINTOB, VIMEIOLINX IIPOTMBOIIONOXKEHHBIe 3apsansl [59]. Hecmorps
Ha TO, YTO OCHOBHOI ABIDKyIIel cumoit LbL ocaxmeHus ABJAIOTCS 97€KTPOCTaTMYECKIe
B3aVIMOJIEVICTBYS, CMHTE3UPYIOTCS IIO/MSJIEKTPOIMTHBIE KAIICy/Ibl TakKe Ha OCHOBE
KOBJICHTHBIX [60-61], nycniepcroHHBIX [62], TOCTb-X035MH B3aMMOJelicTBuUI [63], KOTOpbIe
IPOSIB/IAIOT YHUKAJIbHbIE CBOVICTBA.

[TonmmaneKTponuTHBIE 000/I0YKY MOXXHO (OPMMPOBATh KaK Ha KOJUIOMHBIX JaCTUI[AX,
TaK ¥ Ha TeMIUIaTaX. DTO MOTYT OBITh HEOPTaHMYeCKIe VIU OpTaHNYeCKye YacTUIIbl pasMepOM
oT 20 HM [0 JeCATKOB MMKpPOH, MUKPO- ¥ HAHOKPUCTA/UIBI JIEKApCTBA WM KpacuTesd,
ymnotHeHHas1 [THK, 6enkoBble arperarsl u Ouonorndeckue Knetku [64]. B kayecTBe TeMImaToB
JVICIIONIB3YIOT KapOOHAThl Kanblus [65] n Mapranua, ¢pocdar kanbuys [66], 4acTuipl okcupaa
KpeMHUA [67], MMKpOYacTHIIbI OMMMEPOB, HaIIpUMep, Ha OCHOBe MeTaMUH(POPMaIberifHOIM
CMOJIBI [68].

Ha remmiatax dgopmupyercsa 060/104Ka KaICy/lIbl PasIMYHON apXUTEKTyphl, KOTOpas
00yC/IOB/IeHa CBOJICTBAMM IIPOTYBOIIONIOXHO 3apsDKEHHBIX HOMNINIEKTPOIUTOB, YCIOBUAMU
¢dbopMMpOBaHNA M KOMMYIECTBOM CIOeB. Bapbupys ycnoBus cuHTesa ob6onouku: pH, MoHHy0
CUTy U IPUPOAY MOJIMINIEKTPOIATOB, X KOHLEHTPALVIO, ITIOTHOCTD 3apsAAa Liely HoIuMepa
Y1 MOJIEKY/ISIPHBIN BeC, MO>KHO CMHTE3MPOBaTh 000JI0UKY C Pa3HO TOMLIVTHON ¥ MOPQOIOTHeii.
B npoueccax KancynMpoBaHMs NPUMEHSIOT IPUPOAHble (IIOMMCaXapuibl, XMTO3aH, KaMe)
U CUHTeTUYeCKIe TIO/IN3/IEKTPOINATHI (ToMmMAVIMe TV TMTTAMMOHIA XJIOpUL,
HO/IMAKPUIOBAs KMUCIOTA, IOMUCTHPOJICYTb(OHAT, TOMAIMIAMUH 1 Ap.). VIX BBIOOp 3aBUCKT
IpeXXJe BCero OT HasHAYEeHNMA KallCyIMPyeMOoro BemlecTBa. [ MeAVIVMHCKUX Iesieit
IPUMEHSAIT INPUPOJHble OMOCOBMECTMMble IIOMMMepBl [69], [UIA TeXHUYECKMX -
cunTeTndeckue [70].

ITocne Toro, kKak 060/104YKa OTHOCTBIO CHOPMIPOBAHA, TEMIUIATHI YAA/IAIOT Jallle BCETO
IIOCPEJICTBOM PAaCTBOPEHMs BellleCTBaMM, IPUPOLA KOTOPBIX OIpeeseTcs XVMUYeCKMMU
cBoricTBaMy dacTuipl. IIpy MCronp3oBaHUM pas3jlaraeMbIX TEMIUIATOB Afpa MOTYT OBITh
yHa/leHbl He TOJbKO IIyTeM PacTBOPEHMs, HO M IIOCPECTBOM Pas/IOKeHMs IIpU MOMOIIN
HOAXOAAIMX (PUBUKO-XMMUYECKUX CPeACTB, M3MeHeHus pH, TepMmmyeckoit o6paboOTKuL.
Cmabo cuntble yacTuubl MemamuHodopmanperuga (M®P) mepBoHaYanIpbHO MCIIOIB30BAIN
Hanboiee MHTEHCHBHO B KayeCcTBe MATpPMUI] JIA U3TOTOBJICHM IIOJIBIX ITOMMSIEKTPONINTHBIX
Karcynr. OfHaKo OHM pPAacTBOPAIOTCSA NpM HUSKOM pH WM B cMeMIMBAamOIIMXCSI C BOJON
OpPTaHMYECKVX pPaCTBOPUTENAX, HAIpUMep, TaKMX Kak amMermicynbdokcup. Hemomnoe
ymaneryie M® omiromepos, 00pasyoIIMXCs BO BpeMsA pacTBOPEHN:, M UX OMoormdeckas
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ONACHOCTb CWIBHO OTPaHMYWIM IIPUMEHUMOCTb 9STux spep [71] buopasmaraemsre
NOMMMepHble  MMKpPOYAacTMIBI, HAIpUMep, CONOIMMEpPBbl  IIOMMMOJIOYHON  KVC/IOTHL
JIETKO IIpeofioNieBaloT HepocTatku M®, HO CO3[al0T ApyrMe OTrpaHMYeHMs, TaKue Kak
HOMANCIIEPCHOCTD U CKIOHHOCTD K arperaunu [72]. TpaguuoHHble HeopraHudeckue sAfpa,
TaKye KaK OKCHMABI KPeMHNA, MOXXHO IIOIHOCTBIO PacTBOPUTD, HO JyIA 3TOTO MCIIOTb3YIOT
OTIACHYIO IVTABMKOBYIO KUCTIOTY [73].

[TokasaHo, 4TO fake OMOOTMYECcKNe KIETKM, HallpyMep, KpacHble KpOBSHbIE TeJIblla
B Ka4yecTBe MaTpuil it coopku LbL, He 04eHb MOAXOMAT, TaK KaK yAA/IeHMe Afpa IPOUCXOINT
IV MICIIOTTb30BAHMM CYJIbHBIX OKVCTITesel! [74]. Kaxk/iplit M3 9TMX pacCMOTPEHHBIX TEMIUIATOB
yIMeeT CBOM OTPaHMYeHMsI IO IIPYIMEHEHNIO Y He O4YeHb IOAXOANT i TexHomoruy LbL.

Haubonee sxomormyeH KapOOHAT KalblMs, KOTOPBII CYUTaeTCsl Oe30MacHBIM
MaTepuajoM Ui BBeJeHNs B OMONOIMYecKylo cyucreMy. JJokasaHO, 4TO OH IOTHOCTBIO
ymansercs 6e3 Kakux-1mb0 OCTaTOYHBIX 97IEMEHTOB B ITOJIMAIEKTPOIMTHBIX Karcyax [73].

ITpn mncnonb3oBanuy vactuy CaCOs B KadyecTBe pasjaraeMbIX TEMIUIATOB JIs COOPKU
MHOTOCJIOVHBIX ITOJIMI/IEKTPOIUTOB C IOMOINbI0 MeTofa LbL, mocnepyroinee ymaneHme
TeMIUIaTa IPOMCXOAWUT IIOf JIeJICTBMEM YKCYCHOU KUCIOTBI MIM XeTaTUPYIOLIEro areHTa,
YTO MPUBOANT K IIOTHOMY Y/ja/IeHNI0 KapOoHaTa KanbIys n3 Axpa [75].

s pacTBOpeHMA KapboHaTa KaJIBITVIA Jare VICTIOTIB3YIOT
TWIeHMAMUHTeTpayKCcycHyo Kucnoty (3TA) [76]. OcBoboxxaatonyiicss 00beM 3aroIHAI0T
(GYHKIVOHATBHBIM ~ BEIIeCTBOM. Takasd MeTOAMKA KAICyIMpPOBAaHMA IOAXOAMUT /LA
BOJIOPaCTBOPUMBIX (PYHKLMOHA/IbHBIX BeELIeCTB — O0€IKOB, OMONIOIMYEeCKN aKTVBHBIX
COeJIVIHEHMII 1 IeKapCTBEHHBIX IIpenapaTos [77].

B mpomecce ¢opmupoBaHMA KanCyl Ha KO/UIOMJHBIX 4YacTMIAX B KadecTBe
(YHKUMOHAIBHBIX ~ BEIIECTB  IPUMEHAKT  apoMaTHble  aupHble  Macma (78],
JKNPOPAacTBOPUMBIe BUTAMIHBI [79] 1 iekapcTBeHHbIe BemjectBa [80] u penesuienTsr [81].

ABToppl paboThl [82] HPMBOAT CIeAyIOUIYI0 KIacCUPUKALMIO IPUMEHEHUs
MMKpPOKAIICY/T Wi (YHKIVOHAIM3AIMM TeKCTWIbHBIX MaTepuanoB M u3femmit (puc. 2).
B03MOXXHOCTY TIpUMEHEHUs MMKPOKAIICY/IPOBAHHBIX TEKCTM/IBHBIX BCIIOMOTATe/IbHBIX
BEIIECTB JIOCTATOYHO IIMPOKM: OT MATEpMa/lOB, XapaKTepU3YIOUIVXCA OfHOI IIPOCTON
byHKIVeI, 1O TpUAAHNS TKAaHAM IT0MMYHKIVIOHAIBHBIX CBOJICTB.

[TpupopHO-0oyaroBble MHPEKINM, MepefaloNiiecs NKCOMOBBIMM KiIemaMy (KiIeleBble
TpaHcMmuccyBHble MHGekuyn — KTU), sABnAoTcsa cepbe3Hoil Mpo61eMoil 3apaBOOXpaHeHNs
B CBA3Y C IIMPOKUM pacIpoOCTpaHeHNeM Ha Teppuropuy Poccum u B Mupe, MacCOBOCTBIO
3ab01eBaHMIL, ITMOIOTMYECKMM MHOT000pa3yeM, BBICOKOJ 4aCTOTON MUKCT(OPM, THKECThIO
TeYeHVsI ¥ JICXOJIOB, YBeIMYEHVEM YNCIa aHTPOIYPrMYeCKMX O4YaroB B IIPUTOPOZAX UM Ha
TeppUTOPUM TOPOLOB. B cuity psjja mpuumH, CriocoObl HOMYIIALVOHHON WV MHAVBULYATbHON
3aIUTBI, MPefOXpaHsIIIMe YeJloBeKa OT KOHTAKTa C IIePeHOCUYMKAaMU, U, C/IefJOBAaTeNIbHO,
oT /m000J1 Iepeaaolerics MM MHGEKLY, IPUMEHSI0T HeOCTaTOYHO MIMPOKO [83-85].

[Tpegynpenuth omacHoe 3abojeBaHMe MOXXHO IIyTeM JICIOTb30BAaHMS HECKONbKUX
NpoGUIAKTUYECKUX MEpONPUATUIL: IPOBENEHNe IPOTUBOKIIEIIEBbIX 00pabOTOK OIaCHBIX
Y4aCTKOB Ha OHJEMUYHBIX TEPPUTOPUAX, BaKLMHALMA HAceleHMs IPOTUB KIIEIeBOTO
BupycHoro sHuedammra (KBJ), mpoBeneHne sKCTpeHHON MMMYHOIPOQVIAKTUKU JIUIAM,
HOCTPAJIaBIIMM OT IIPYCACBIBAHMS KIIellieil, IPYIMeHeHe CPECTB 3alMUThI OT Kireleit [86].
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Puc. 2. [IpuMeHeHe MUKPOKAIICYT A/ QYHKIMOHANTU3ALUY TeKCTUA [82]

PaspaboTaHa TeXHONOIMA KAIICy/IMpPOBAHNA aKapUIUHO-pPENe/UIEHTHBIX IIPeIapaToB.
B sinpo kamcynbpl BKIOYeH anbgaluIepMeTpyH, PacTBOPEHHBINI B HETOKCMYHOM MAC/ITHOM
pacTBOpUTETIE. Apxurexrypa 0607109K1 KaIICyJIbl BBIIIO/THEHA u3
HOMUVIMETWIANA/UIIAMMOHMIL ~ XJIOpUAa M aKpWIOBOIO  COIONMMEpA  aKpWJIOBOIL,
METaKpWIOBOJ ¥ MAQJIeMHOBO KUCIOT M UX coneil. IlomydeHa ycroitumBas [UCHEPCUs
MMKPOKAIICY/IPOBAaHHOTO aKapUIMTHO-PEIe/TIEHTHOTO IIpeIiapaTa ¢ pasMepoM 4acTut oT 30 o
300 HM B 3aBMCMMOCTY OT KO/IMYECTBA CI0€B B cocTaBe 000104k [87]. O6paboTaHHbBIE TAKUM
npenapatoM Koctiombl («bapbep-VIHcekTo Y») MCIBITaHBI B YCIOBMAX IPUPORHOTO OdYara
BUPYCHOTO KJIel[eBOro sHiedamuTa B NPUPOAHBIX Onoromax VIpkyrckoit obmactu u
XaHTbI-MaHCHIICKOT0 aBTOHOMHOTO OKpyra. OHI 06ecIIeunBaloT BBICOKYIO 3aIlIUTY OT KiIeleii—
nepeHocunKoB (koadduiment samyrHoro feiicteus (K3/1) ot kereit = 98,2%) [88, 89].

Ilnia  apomarmsauuy  TeKCTWIbHBIX ~ MATepMaJioB  IIPUMEHAT  MMKPOKAIICYIIBI
CBK/IIOYEHNMEM B PO 3QMPHBIX Macel WIM apOMaTy3aTOPOB MHOV  IIPUPOABL
Takue MUKpOKAIICy/MpOBaHHbBIE ITPEIapaThl CIOCOOHBI IIOCTEIIEHHO BBICBOOOX/JATh AaKTVBHbIE
VHTPEVeHTHI Yepe3 NmpoHniaemMsle ob6onmouku [90]. B crydae, ecmu ob6omouka chopmupoBaHa
MeTofioM MeX(as3HOil IIO/MMepy3aLuy, BbIJe/leHNe [YLIMCTOTO BellecTBa IIPOVICXOINT
B pe3y/IbTaTe MeXaHIYeCKOT0 BO3/IeJICTBIA, HAIIPYIMED, TPV TPEHNN B IIPOLiecce HOCKY M3JIeTVIA.
BaxHylo pomb A co3maHMs HEPMAHEHTHOV apOMaTHOM OTHENKM WIpaeT MeTOf
MMMOOV/IM3AIMY HAIIO/THEHHBIX KAIICY/I HAa TEKCTM/IBHOM MaTepuae [91-93].

DBonbimas dYacTh apoOMaTMYECKMX BeIIeCTB O0/lafjaeT HEeCKOJbKVMMY  II0/Ie3HbIMU
CBOJICTBaMM, BKJIIOYas jiedeOHble, (papMalieBTMYeCKMe ¥ aHTMMMKpPOOHBIE [94]. ApomaTsl
LUTPYCa, IABAaH/BI, PO3bI VIV BaHWIN, VIHKAICY/IVPOBAaHHbIE B TKaHb, IPUBOJAT K XOPOIIEMY
CaMOYYBCTBMIO U MIMEIOT BaYKHOE IICHXOIOTMYECKOe ¥ SMOLIMOHATIbHOE 3HaUeHe /I Ye/IOBeKa,
a BBICOKMII CefaTMBHBI 3QdeKT oKasbIBaeT MAc/l0 MATHI M JIMMOHA, JaBaHfA ¥ PO3MapuH
CIIOCOOCTBYIOT ~ BBI3IOPOBJIEHMIO 4elOBeKAa OT TIpulma. IIpyMeHeHme HaTypaJbHBIX
KaIICy/IPOBAaHHBIX Maces, MIMMOOM/IN3NPOBAHHBIX Ha TEKCTVIbHBIN MaTepyasl, IOJIe3HO LA
3[I0OpOBbsI YeJIOBEKa ¥ XapaKTepM3yeTcsl MUHVMAIbHBIM OTPULIATEIbHBIM JeiicTBueM [95].
ApomaTtepaneBTUYECKIIT BUJ, OTHENKM IIPeJIOKeH I IOCTEeNIbHOTO Oefbs, CIOPTUBHON

45



OT XHMHM K TEXHOJIOTHH TOM 4, BbINYCK 4, 2023

OZIXMbI, HOCOK, >XEHCKMX TEKCTMIbHBIX akceccyapoB. Cpemy albTepHATVMBHBIX IOIXOOB
K JIeYeHMIO 3a00/eBaHNII apoMarepanus SAB/IAETCA Hambosee WU3BECTHBIM M  INVPOKO
UCTIONIb3YEeMBIM MeTonoM [96].

Oco6blil MHTepec MpefCTaB/IAI0T TEeKCTMIbHbIE MaTepuasbl, COfep)Kalllyie BelecTBa
C M3MeHseMbIM (pa30BBIM COCTOSTHMEM, CIIOCOOHBIE IIPOSIB/IATH TePMOPETyIMPYIOIIyie CBOJICTBA
B OIIpefie/IeHHOM finanasoHe Temreparyp. OfayH 13 Hanbosee akTyaIbHBIX CIIOCOOOB NPYIaHMs
TeKCTWII0O ~ TePMOPETYIMPYIOIIMX CBOJMCTB — HAaHeCEHUe  CIIeNMAbHBIX  HOKPBITUI
Ha IIOBEPXHOCTb BOJIOKOH WJIM V3[elMII, B OCHOBE KOTOPBIX JIOXKWUT IIPYMEHEHNUe COCTaBa,
COZep>Kalller0 MMKPOKAIICY/Ibl, BK/IIOYAIOIINE BEIeCTBa, KOTOpble OO/NafaloT CHOCOOHOCTBIO
K asoBoMy nepexony [97].

K HuM oTHOCAT mapadmHOBBIE BOCKM U YITIEBOZOPO/BI C ITHEVHOM IIeIIOYKOIT, KOTOPBIe
00/1alal0T CIIOCOOHOCTBIO AKKYMY/IMPOBAaTh TEIUIO ¥ CIIOCOOHBI K (pasoBOMY II€pPeXOny
IpY TeMIIepaTypax, OMM3KMX K TeMIlepaType de/loBedeckoro Tema. Kpome Toro, HeKOTOpbIe
OpraHyMyecKye Macjaa MPUPORHOTO IPOVICXOXKJEHNS, a TAaKXKe >KUPHBIE KUCIIOTHI SBJISIOTCS
He TO/IbKO BeIeCTBaMM, CIIOCOOHBIMM K COXPAHEHMIO M BBIJIEJICHMIO TeIlIa B OIpefie/IeHHBIX
YCTIOBYIAIX, HO U 00/IaIal0T MHOXKECTBOM APYTX [O/I€3HBIX CBOICTB. DT IPENMYIIeCTBa Ae/IaloT
uX 3G PEeKTUBHBIMY IJIS TOTTy4eHMsI MUKPOKAIICY/I Ha X OCHOBE Vi IIPMMEHEHs IS IIPYUaHs
TEKCTUIbHBIM MaTepyanaM TePMOPETryIMPYIOLIX CBOJCTB [98, 99].

[Tpeno>xeHo 1A KaIlCy/IMpOBaHN MCIONIb30BaTh KOKOCOBOE MAcC/Io, KOTOpoe ob/afaeT
CIIOCOOHOCTBIO K (pa3oBoMy Iepexopy. [laHHOe BelecTBO SIB/IAETCS JOCTYIIHBIM Y HEJOPOTYM,
6e30IacHBIM I KOXKHBIX IIOKPOBOB, 6€3BPEIHBIM /I OKPY>KAIOIIel Cpefbl, YTO He/laeT ero
BBITOJJHBIM JU/IsI BHEJIPEHM B sIPO MUKpoKarcysl 100, 101].

[l momydeHMst TEKCTWIBHBIX MaTe€PUaIOB C IOATOCPOYHBIM TEPMOPETYIUPYIOLINM
3pPeKToM, YCTONYMBBIM K CTUPKaM ¥ IPYTUM XMMUKO-(U3NIECKIM BO3JIEJICTBUAM, BaXKHBIM
MOMEHTOM B  IIpollecce  MMKPOKAIICY/IMPOBaHMA  SB/SETCA  NPAaBWIbHBIL  BBIOOP
0607104k0pOpMUPYIOINX KOMIOHEHTOB. CrefiyeT momzoOpaTh BelljecTBa, KOTOpble obecrieyar
BBICOKYIO IIPOYHOCTb 000JIOUKIL, YTOOBI IIPETOTBPATUTD IIPEXK/EBPEMEHHBI BBIXOJ, aKTVBHOTO
BellleCTBA 13 KAICY/Ibl Ha TEKCTMIbHBIN MaTepuasl, KOTOPbI MOXET IPUBECTU K CHVDKEHUIO
TeXHUYECKMX  pe3ylIbTaTOB  OTHeNKW.  IIpeyio)keHO  IpYMeHeHue  MOYEBMHBI U
HI3KO(OPMaIbJIEINIHBIX IIPEJKOH/IEHCATOB TepMOpeaKTNBHBIX cMon (Orexcup [1-2, Otexcup,
H®), BpicTymamomux Takxe B KauecTBe CTaOMIM3aTOPOB MUKpOKAICyl. IlogoOpaHsl Kucible
KaTa/m3aTopbl, obecnedyBamlue Oojee IIOMHOE IpOTeKaHMe peakuyuy GOPMUPOBAHN
000/104Ky (YKCycHast KMCIOTa, XJIOPUA MarHus 6-BopgHbI). OmpoOoBaHbl BCIIOMOTATeTbHbIE
CTabMIM3aToOphl A IHOMydaeMbix MyKpokamncyr: [IBC m camunmnoBas KuclIoTa, KOTOpPbIE
Hanbojee IIMPOKO M3BECTHHI B IIPOVM3BOACTBE IIPENApaTOB MEAMIMHCKOTO Ha3HAYeHMA.
J71s1 aMynIbTMpOBaHMs KOKOCOBOTO Mac/la MCIonb3oBaH TBuH 80, INpUMeHAIINIICA
B OMOMEINIIMHCKIX pa3paboTkax u kocMeronoruu [102, 103].

Cy1iecTByeT HeCKOIIbKO METOIOB HaHECeHN A MUKPOKAIICY/ Ha TeKCTV/IbHbIE MaTepIasIbl.
OpuuM U3 Hambojiee PacIpOCTPAHEHHBIX CIIOCOOOB SBJISIETCS BHEAPEHME KAICy/l B BOTOKHO
BMIIpOLiecce 9/IeKTPOIpsifieHNs. boree NOCTYIHBI B OT[EOYHOM IIPOM3BOACTBE [Ba CIIOCOOA
MMMOOWIM3AIMM MMKPOKAIICY/l Ha TEKCTWIbHBII MaTepua: IIOCPELICTBOM ITPOIMTKY
B [TOTy4aeMBbIX AVCIIEPCHAX WIM MeTOfoM IedaTy. J(PQPEeKTUBHBI COCTaBbl IPOIMTOYHOIN
¥ IEYaTHOJ KOMITO3MIIMII C BKJIIOYEHNMEM MMKPOKAIICYJT Ha OCHOBE aKpVJIOBOTO 3aryCTUTE/LI
u cszytomero Pysuna-1411 [104, 105]. laHHBIe cTOCOOBI HAaHECEHVSI IIPOCTHI B OCYIL[eCTBICHUN
U SIBJISIOTCST 9KOHOMMYECKY BBITOTHBIMIL.
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3aknroueHne

Hanorexnomornu n HaHOYAaCTUIbI, a TaKXX€ HaHO- M MMKPOKAIICY/Ibl MIMPOKO

UCIIOJIb3YIOTCA B MI/IPOBOﬁ IIpaKTUKE IIPOM3BOACTBA BOJJIOKOH, TEKCTUIIA U I/[S,‘E[CHI/IIZ N3 HUX

CIIEIVa/IbHOTO HA3HAYECHI A. HpI/IHLH/IHbI HAHOTEXHOIOTUI IT03BOISIOT ITpON3BOINTD TEKCTUIb U

n3penmAa m3 HEro CO CII€HMa/IbHBIMU CBOIICTBaMU /151 pa3HbIX o0OJacTell MCIIO/Ib30BaHNA:

J:[OMElI].IHI/[f/I TEKCTUIb, O4EXKMOa, apMeﬁ[CKOe O6MYHI[I/IPOB3HI/I€, MCI[I/ILU/IHCKI/[ﬁ TEKCTUIIb,

CIIOPTUBHBIN TEKCTU/Ib, TEXHUYECKUIT TEKCTU/Ib U JIp.
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CUHTE3 3AMENIEHHBIX 2,2’- 1 4,4-BUOEHWIINIOIOB
C ICITOJIb3OBAHMEM PEAKIIMV OKNCIUTE/IIBHOTI'O COYETAHMA

B. B. byxanum, B. JI. bakmarus, 1. I'. A6pamos

Bragumup Bmagumuposuu byxammH, crygment; BsadecnmaB JleonmpgoBmu  bBakmarmu, acnumpasr;
HUrops I'enHagbeBNY AGpaMoB, I-p XVUM. HayK, mpodeccop
SIpocaBCKuil FOCYAapCTBEHHbIN TEXHIYECKIIT YHUBEPCHUTeT, SIpociasib, Poccns, abramovig@ystu.ru

Knouesvte cnosa: Annomauus. Ha ocHose peakuuy OKUCTUMENbHOZ0 COHEMAHUSL
2,4-, u 2,6-0usameujeHHole HeHOMbL, paspabomanvl Memoovl CUHIME3A He ONUCAHHDIX 6 Aurmepamype
deppunuuanuo xanus, zexcazuopam samewénnbix 2,2’- u 4,4’-6ugernunouonos. Iloxkazanot 603mMoHHOCHU
xnopuda xenesa (I11), 6ucgeronoL, npumeHeHuss U OpaHUveHUs memoda NPU  UCNONL30BAHUU

samewénnvie 2,2~ u 4,4’-6uenunduonvt  peppuyuanuda xanus u eexcazuopama xnopuoa xenesa (I1I1).

T nuTHpoOBaHMA:

byxamu B.B., bakmarmn BJI, A6pamos J.I. Cunres 3ameménueix 2,2- u 4,4 -6udeHnimmonos
C UCTIOTb30BaHNMEM PeaKIVV OKMCIUTENLHOTO coueTanusd // Om xumuu k mexHonozuu wae 3a uiazom. 2023. T. 4,
BbIIL 4. C 52-59. URL: http://chemintech.ru/index.php/tor/2023-4-4

BBenenne

Bucdenonpr HaxoAAT MIMPOKOE MTPUMeEHEHIe B KaueCTBe MOHOMEPOB [I/Isl HOIMUMMUTIOB,
HO/IIaMUZIOB, TONIMA(PIPOB, HOTMKAPOOHATOB, SMOKCUIHBIX CMOJI U MOKpBITHII [1, 2], B cBsI3U
C 4eM pa3paboTKa METOOB CHHTe3a HOBBIX 0MIC()EeHOIIOB AB/ISIETCS aKTya/lIbHOI 3ajadei.

OpHMM U3 SKOHOMMYECKV I|e/IeCOOOPasHBIX CIOCOO0B moydeHus OucdeHonos
SIBJIAETCS PeaKUsl OKMCIUTEIbHON AVIMePU3alM, M3BeCTHAS CIIEIVAIIICTAM Y>Ke IIUTeTbHOe
BpeMsA. B jmmMreparype ommcaHbl  pas3MyHble BapMaHTBl CUHTe3a  OucdeHONOB
C VICIIO/Ib30BaHMeM TUIIOXJIOpUTa Hatpus [3], mu-mpem-Oyrunnepoxcupa [4], mepoxcupa
BOJIOpOJa B TPUCYTCTBMM  IEepPOKcMAasbl (5],  Kucmopojga B IPUCYTCTBUY
terpadpenmnmopdupuna kobampra (II) mam ero mnpomsBomHBIX [6], KOMIIIEKCOB Meau
camudamu [7] m 1.5 VsBectHo Ttaxxke, uro FeCl36H,O u K;[Fe(CN)s] sapnsaworca
3G EeKTUBHBIMY, [IEUIEBBIMYU U LIMPOKO MCIIONb3yeMbIMU peareHTaMM I OKUCIUTEIbHON
numMepusanuu ¢enonos [8-10]. Vcmonb3oBaHue JaHHBIX OJHO3NIEKTPOHHBIX OKMCIUTENEN
9acTO II03BOJIAET JOCTUYb BBICOKVX BBIXOZOB L[eJIEBBIX IIPOAYKTOB ¥ MOXKET OBITh IPUTOHO
JUISL KPYITHOTOHHa)KHOTO cuHTe3a [11,12].

OcHoBHasA 4YacTh

C menpro IMONMyYeHMA WM3BECTHBIX, HO TPYZHOJOCTYIIHBIX ¥ HOBBIX, HE OIMCAHHBIX
B IUTepaType, O1MCHEHO/IOB HaMy IIpeAJIaraloTcsA [Ba BapMaHTa IPOBENEHNS peaKLuyu
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OKVCIIUTENIBHOTO coueTanus GeHonoB ¢ ucronb3oBanneM ¢eppuunannga kamusa Ks[Fe(CN)g]
u rexkcaryzpara xinopupa xenesa (III) FeCls-6H,O.

B oboux BapmaHTax B KayecTBe CyOCTpaToB OBUIM JICIIONIb30BaHBI (eHonbl la-g,
cofiep>xalye Bo 2 U 4 NONOXKeHMAX OEH30/IbHOTO KOJIbIla 3aMEeCTUTEIIN, NPEIATCTBYIOLIVe
IPOTEKAaHMIO PeaKINU OKMCIUTETbHOTO COYETaHMA, ¥ O3TOMY €AMHCTBEHHBIM JJOCTYIIHBIM
PEAKIOHHBIM LIeHTPOM (aKTUYeCKV SABJIUICS aTOM YITIEpOfa B IONOXKeHNUM 6 GeH307TbHOTO
KOJIbI]a, YTO COIJIACYeTCsl C pe3ylIbTaTaMy, OMyO/NMKOBaHHBIMU B pabore [14]. Peakumio
IIPOBOAVIIM IIPY KOMHATHOM TeMIIEpAaType I10 CXeMe, IIPe/ICTaBIeHHO Ha puc. 1.

R,
HO 0]
Y o
K;[Fe(CN)] K[Fe(CN)]
(CH;),C=0, (CH;),C=0,
R, R,
NH;, H,0 NH,, H,O

OH OH R;
3f.g la-g 2a-e 3a-e

a: R; = allyl, R, = OCHj; b: R, = p-tolyl, R, = CHj;; c: R;=m-tolyl, R, = CHj;
d: R; =R, = CHj; e: R; = t-Bu, R, = S-norbornene-endo-2,3-dicarboximide;
f: R,=CHO, R, = 0CH;; g: R;=CHO, R, = 0C,H;

Puc. 1. CxeMa peaKIyu OKUCITUTEIBHOTO COUeTaHu 2,4-13aMellleHHbIX (PeHONOB, IIPOTEKaBIIasd IO, AeICTBUEM
dbeppuLMaHuia Kanus B LIEJIOYHON cpefie

BBuay Manoii pacTBOPMMOCTM B BOJie MCXOJAHBIX (DEHOTOB U IIe/IeBBIX IIPOJYKTOB
peakiyio MPOBOAWIM B CMeCH alleTOH-BOAA B IPUCYTCTBMM aMMuaka. VIMEHHO B 3TMX
YCIOBUAX QeppuUIIaHuy] Kamus elé ObUI paCTBOPUM Y IPOSIBIIAT MaKCYMA/IbHYIO aKTVBHOCTD,
a mobaBeHNe K PeaKIVIOHHOJ CMeCH alleTOHA CIOCOOCTBOBAIO JIy4lIeil pacTBOPMMOCTY
JICXOJHBIX CyOCTPaTOB M OOpasyIOIMXCS IIeleBBIX COEAMHEHMII, a TaKXe IPOTEKAHWIO
yKa3aHHOJ peakuyy B roModasHoli cpefie 63 HarpeBaHMs.

[ToaToMy, y4nTbIBasl BCe BbILIEHa3BaHHbIE OTPAHMYEHMs], OKUCIUTENb K PeaKI[MOHHO
cMecy [100aB/IIM HeOONMbUIVMM IOPLMAMY, JOXUAASACh IOKa OOpasoBaBIIMIICS B XOfie
peakuym ¢eppoumanny Ky[Fe(CN)q], BBMAy Mamoil pacTBOPMMOCTM B BOJHOM alleTOHE,
He BBINAZIET U3 PeaKI[MIOHHOW MacChl.

3a xomoM peakuyu crnegyny MetogoM TCX. ITo okoHYaHNY peaKliuy BBIMTABIINIT OCATOK
deppounanusa Kanus ¥ MOOOYHBIX IPOAYKTOB OTGUIBTPOBBIBAIY, (PUABTPAT MOAKWUCIISIIN
conAHOM Kucnoroit go pH=1.

K coxanenuio, 1 B 3TOM Cydae B pe3ylbTaTe IpPOTEKaHMs HMOOOYHBIX peaKLuil
IPOMCXOAMIO OOpasoBaHMe BOCKOOOpPA3HON MacChl JKENITOrO  IIBeTa, IIOJTHOCTBIO
UeHTUGUIMPOBAaTh KOTOPYI He yhanoch. Ilo pe3ynbraTaM HalIMX MCC/IeJOBAaHMUIL,
COITIACYIOIIMXCS C JIUTEPATYPHBIMM JJAHHBIMIY, 9Ta BOCKOOOpa3Has Macca BK/IIOYaeT B ceOs
00OYHbIe IPOAYKTBI OKUCIEHMs, IPeUMYIeCTBeHHO auruaponubensodypaHoHsl 3a-e,
a TaK)Ke He3HAYMTe/IbHbIe KOMYeCTBA NCXOHBIX (heHONMOB la-e [15, 16].

IIpoBecT B YKasaHHBIX YC/IOBUSX OKVCINUTENbHOE codeTaHue BaHwmHa 1f
U 9TWIBaHMWIMHA 1g ¢ ucnonb3oBanyeM Qeppuianua Kamis He yAanoch. ITO 00bIACHACTCS
TeM, 4TO (eppuIMaHu] Kamus B ILIEJIOYHON Cpelle CIOCOOEH OKUCIATh apoMaTHdecKue
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QJIBJIETUIBI IO COOTBETCTBYIOUINX KapOOHOBBIX KUCIOT 3f-g, 4TO JemaeT HeBO3MOXHBIM €ro
VICIIO/Ib30BaHye [y OKMCIUTEIbHOTO codeTaHus BaHwimHa 1f u srwiBanwimHa 1g,
copiepKamux GopMIIbHYIO Tpymy [13].

OxucnurenpHOe codeTaHye BaHwImHa 1f v aTwiBaHMWIMHA 1g KO COOTBETCTBYIOIIUX
6ucdenonos 2f,g ynanoch yCIenrHo OCyIeCTBUTD IIPY VICIIONIb30BAaHNY B KaueCTBE OKMCIIUTENIS
rekcaruppata xnopuzpa xxenesa (I1I) FeCl:-6H>O (puc. 2).

R,

H__O 0)
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~ H

FeCly « 6H,0

—_—
—FeCl, OH
R,
OH H R,

f: R2 = OCHS; g R2 = OC2H5

Puc. 2. Cxema peakijuy OKMCIUTEIBHOTO COYeTaHus 2,4-a13aMell|eHHbIX (eHOIOB, IIPOTEKaBIIas 107 Ie/ICTBIEM
xnopupa xenesa (III) B BogHOM pacTBOpe

Hawnyumme pesynbTaTsl 6bUIM TOCTUTHYTBI PV HarpeBaHUM MCXORHBIX ¢eHonoB 1f,g
B BOJJHOM pacTBope xnopupa xesnesa (III) mpu remnepatype 60-70 °C B TedeHMe HECKOIBKUX
gacoB. Ilo OKOHYaHMM peakuuy BBIIABIIMII M3 PEaKUMOHHON Cpefbl IPOAYKT
OT(WIBTPOBBIBAMN, HPOMBIBAIN TOpsAYell BOROM H/IA yAANeHUs HEIpOpearnpoBaBIIETO
(dbeHOMa U 3aTeM pacTBOPSI/IU B BOSHOM pacTBOpe Liesioun. Beimasume rugpoxcups sxenesa (1I)
u (III) ordunpTpoBeBamy, a puaptpaT nogxucasan HCl no pH=1.

ITpoBecTM OKMCINUTENPHYIO —AMMEpU3aLMI0  2,6-IM3aMelleHHbIX (eHomoB  5a,b
B IIPYCYTCTBYUM QeppuIaHuia Kalusa HaM TakxKe He yAaanoch. Ilo-BuauMoMy, B BHIOpaHHbBIX
YCIOBUAX TIPOMUCXOAWIO obpa3oBaHue XMHOMOBBIX 3¢upos I, koTopble pamee OBICTPO
IeperpynmMpoBLIBAINCH B COOTBETCTBYIomMe 4-ruppoxcupudenmnokcunsl II m B xozme

Jla/IbHETIIIero OKVCTIeHNs MOTy4Yaluch COOTBETCTBYoIMe onudennteHoBblie a¢upst 111 [12]
(puc. 3).

OH
R R K[Fe(CN)] \©, \@ Q
2

e @ @ — - QO"

Puc. 3. CxemMa HOOOYHBIX peaKIuit, TPOTEKABIINX PV OKUCIUTETBHOM COYETaHNN 2,6-13aMelleHHbIX (peHOI0B

B IIPUCYTCTBUY GeppULIMaHIa KaIvis
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B cBsa3u ¢ atuM mnsa cuHTesa Oudenmn-4,4’-amono 5a,b B kauecTBe OKMCIMTENS
6bU1 McIIONMBb30BaH rekcaruzapar xmopuaa xxenesa (I1II) FeCl;-6H,O (puc. 4).

Ol OH
Ry R: FeCly6H,0 R, FeClOHO
_— =
- FeCl, —FeCl, z
R3
4a,b
Zn, AcOH

a:R] =R2=CH3,R3=H;b:R1 =R2=R3=CH3
Puc. 4. Cxema peakOuM OKMCINTENDPHOTO COYETAaHMA 2,6'IU/[3aMeH.IeHHbIX (l)eHOHOB

Hammu ycraHOB/IEHO, YTO IpOBeAeHVe OKUCIUTEIbHOTO COYeTaHNs 2,6-A13aMel|eHHbIX
¢denomnoB 4a,b B mpucyrcTBuu 3-KpaTHOTO M30BITKA Xopuza xenesa (III) mosBonser goctuup
3HAUNMTE/IbHO OO/NBIIMX BBIXOJOB IOOOYHBIX (B HalleM CIydae IIPOMEXYTOYHBIX)
nudeHoXMHOHOB 6a,b, yem npu ucnonb3oBanuu 0,5 monb FeCl;:6H,O Ha 1 monp deHnona,
KaK Ipefiio)keHo B pabore [14]. ITO 0OBsACHAETCA TeM, YTO NPU U3OBITKE OKUCIUTENS
obpasoBaBlIVMecs B BBIOPaHHBIX YCIOBMAX OucdeHonsl 5a,b  oxucnsamice  manblie
U TIepeXOfiVI B TePMOAVMHAMUYECK) YCTOMYMBYIO XMHOUAHYIO GopMmy 6a,b. ITocnenymoee
BOCCTaHOBJ/ICH)E KapOOHWIbHONM (QYHKIVM, IpOTeKaBllee Ipy 0OpabOTKe BbIje/IEHHBIX
n(pEeHOXHOHOB 6a,b IIMHKOM B YKCYCHOJ KMC/IOTE C BBICOKMM BBIXO[IOM, IPUBOAMIIO
K TIOJTyY4eHMIO Iie/IeBbIX 3aMeIEHHBIX Oudennn-4,4’-a1onos 5a,b.

[Tony4yeHuble 3amelnéHHble 2,2°-0MQpEHNMNTANONBI IEPCHEKTUBHDL /IS IOMYYeHMs He
OIMCAaHHBIX B JIMTepaType HOBBIX FeTePOLMKINYECKUX CUCTEM, a Ha OCHOBE 3aMelléHHBIX
4,4’-61peHNTAN0NI0B BO3MOXKHO ITOTy4eHNe TOMMIGUPUMIIOB C HOBBIMY CBOVICTBAMIA.

SKCHCPI/IMCHTa}IbHa}I qacTh

VK-cnexrpsl 3ammceiBamyu Ha VIK-®yppe cnekrpomerpe «PerkinElmerRX-1» ¢ pimHO
BonHbl 700-4000 cm! (KBr).

Cnekrtpol 'H SIMP perucrpuposam Ha npubope «BrukerDRX-400» mms pactBopoB
obpasnoB B [IMCO-ds mpu 30 °C. B kayecTBe 9TajoHa I OTCYETA XMMUYECKUX C/IBUTOB
VICTIIONb30BA/II CUTHA/Ibl OCTaTOYHBIX IPOTOHOB PACTBOPUTENA B IPOTOHHBIX CIEKTPax
(612.50).

®enonl la-df,g 1 okucmrTemM KoMMep4yeckyu moctymHble. PeHon le 6bUI MOTydeH
KOHJIEHCallMell SHAMKOBOTO AaHTUApPULA C KOMMeEpPYeCKM MOCTYNHBIM 2-aMUHO-4-mpem-
6ytundeHonoM 1o n3BecTHON MeTozMKe [17].

OxucnrenbHasAs JuMepusanusa 2,4-3aMelleHHBIX (PEHOTOB B  NIPUCYTCTBUI
(Ks[Fe(CN)s) (obmas meronmka). B xonby, cHabkeHHyr0 Memankoii, sarpyxxam 0,012 monb
¢enoma, 15 M1 Bopip, 35 Mt arteToHa 1 45 Myt ammmaka. [locte pacTBoOpeHNs py MHTEHCHBHOM
IepeMelBaHNY K PpeaKUMOHHOM cMecu NpUOABIAMM SKBMMOJLIPHOE KOIMYECTBO
¢deppunuanmnaa Kams nopuyaMy B Tedenne 40 MuHYT. Peakuyio mpoBoamIv Ipy KOMHATHON
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TeMIlepaType B TedeHue 15 qacoB. 3a xogoM peakuuu cneguiu merogoM TCX. ITo okoH4anun
peakuum comep>xumoe Konosl (dheppouiranuy Kamis M HepaCTBOPUMBIE B IIeIOYHBIX YCTOBUAX
ocagkn) OTQWIbTpoBBIBamM, GuiabTpar mnopkucasum po pH 1. Bemasmmit  ocamox
OTUIBTPOBBIBA/IN, IIPOMBIBA/IY M30BITKOM BOJIBL M CYIIVIIV HA BO3JyXe.
3,3’-pumeToKcu-5,5-gu(npon-2-en-1-mwi)gudennn-2,2’-guon (2a): Cperno-6exxeBblit
nopoutok. Beixon 50%, Tun = 145-147 °C. VIK (Vmaw KBr): 3273 (OH), 1637 (C=C), 1246
(OCH5). Haitgeno, %: C, 73.63; H, 6.83. C,H»0O,. Paccuurano, %: C, 73.60; H, 6.79. 'H AMP
(400 MT'1r, IMCO-ds) 8, m..: 3.26 (1, J=6.59 T, 4 H, C(5, 5)CH.), 3.67 (c, 6 H, C(3, 3)OCH,),
4.96-5.11 (m, 4 H, C(5, 5)=CH,), 5.94 (mnT, J=16.98, 10.01, 6.78, 6.78 'y, 2 H, C(5, 5)=CH),
6.57 (c, 2H, C(4, 4£)H), 6.61-6.63 (m, 2 H, C(6, 6)H).
4,4”,5,5”-terpamernn-1,1’:3’,1":3”,1’”-xkBareppennn-4’,6-nmon  (2b):  BexeBbiit
MIOPOIIOK C 3€/IeHOBAThIM OTTeHKOM. Boixon 74%. VIK (Vma, KBr): 3519 (OH), 1177 (Ca-OH).
Haiigeno, %: C, 86.04; H, 6.83. C,sH260,. Paccunrano, %: C, 85.25; H, 6.64. 'H AMP (400 MTI11,
IMCO-ds) 6, m.zi.: 2.33 (¢, 12 H, C(4, 5, 4, 5”)CH,), 7.37 (m, 4 H, J=7.03 I'y, C(3’, 5, 3”7,
5YH), 7.49 - 7.62 (m, 8 H, C(2, 6,2, 6,27, 47,2, 6”,)H), 8.02 (¢, 2 H, OH).
3,3”,5’,5”-Trerpamerni-1,1’:3’,17:3”,1’’-kBarepPpennn-4’,6”-quon (2¢): Macio
3eneHoro 1uBera. Boixon 20%. VK (Vimax, KBr): 3515 (OH), 1174 (Ca-OH). 'H AMP (400 MTI'1,
IMCO-ds) 8, m: 2.34 (c, 12 H, C(3, 5, 3™, 5”)CHs), 7.15 (m, 2H, C(4, 4”)H), 7.31 (,
J=7.65Tn, 2 H, C(5, 5”)H), 7.54 (m, 2 H, C(6, 6”)H), 7.59 (¢, 2 H, C(2, 2”’)H), 7.68 (c, 2 H,
C(6’,4”)H), 7.72 (¢, 2 H, C(2’, 2”)H).
3,3’,5,5’-rerpamernnoudennn-2,2’-puon  (2d): bexeBbrt mopomok. Beixon 83%.
MK (Vmax, KBr): 3280 (OH), 1175 (Ca-OH). Haimeno, %: C, 79.39; H, 7.33. CisHis0..
Paccunrano, %: C, 79.31; H, 7.49. 'H SAMP (400 MI'u, IMCO-d¢) 8, m.a.: 2.19 (¢, 6 H,
C(3, 3)CH;), 2.21 (¢, 6 H, C(5, 5)CHs;), 6.79 (¢, 2 H, C(4, 4)H), 6.90 (¢, 2 H, C(6, 6)H),
8.13 (¢, 2 H, C(2, 2)OH).
2,2’-(5,5’-pu-mpem-6yrmn-2,2’-purnppoxcndondpennn-3,3’-gunn) 6uc(3a,4,7,7a-
teTparuapo-1H-4,7-meranon3onnnon-1,3-mmon) (2e): Cperno-6e>xeBblil MOPOIIOK. Brixop
28%. VK (Vimax, KBr): 3472 (OH), 1709 (C=0 umnxn), 1181 (Ca-OH). Hastgeno, %: C, 74,23; H,
5.53; N, 4.65. CssH4N,Os. Paccunrano, %: C, 73.53; H, 6.50; N, 4.51. AMP 'H (400 MTI1,
IMCO-ds) 6, m.zi.: 1.38 (yu. c., 18 H, C(5,5)t-Bu), 1.60 (m., 4 H, C(4%, 7*)CH,), 3,42 (m, 8 H,
C(3*a, 4*)H), 6.20-6.30 (M, 4 H, C(5%, 6*)H), 6.95 (yu. c., 2 H, C(1, 1")H), 7.73 (yw. c., 2 H,
C(6, 6)H), 8.24 (ym. c., 2 H, C(6,9)H).

OkucnurenbHas puMepusanusa 2,4-3aMelIeHHBIX (eHOOB B  IPHUCYTCTBUM
rexcarmapara xropupa xenesa (III) FeCl:-6H,O (o6mas meronuka). B konby, cHab>XeHHYI0
MEIIAJIKOJ M OOpaTHBIM XOMOAVIBHUKOM, 3arpyxamu 0,024 monb ¢deHoma um 40 M BOAbI,
HarpeBaM peakIMoHHYI0 Maccy o 60-70 °C u BbiiepxuBamm €€ 15-20 MUHYT [0 IIOTHOTO
pactBopennss ¢eHona. Ilocme pacTBOpeHMS TpM MHTEHCUBHOM  IlepeMeIlVBaHUY
K peakuyoHHol cMmecu npubasmsumm 0,028 monp FeCl:-6H,O B TBepmom Buae miau B Bupe
BOJHOTO pacTBOpPa. PeakumoHHYI0 MacCy MHTEHCUBHO IIepeMelIMBalIM IIPU TeMIEpaType
90-100 °C B TeueHme 24,5 4acoB B 3aBMCMMOCT OT IIPUPOABI MICXOZHOTO (eHOoMa. 3a XOZOM
peakiyy crnepymy MetofoM TCX. [To OKOHYaHMY peaKkIyy COfePKIMOe KOTObI OX/TXKIAN IO
KOMHATHOJ TEeMIIePaTypbl, 0CafoK OTPWIbTPOBBIBAIN. IIOTy4eHHBINI OCaIOK IPOMBIBAIN
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M30BITKOM TOPsTU€eil BOJBI C 11€/IbI0 PACTBOPEHMS HETPOopearnpoBaBiiero ¢heHosa, mocjie 4ero
HOPOAYKT PpacTBOPSUIM B KOHIleHTpupoBaHHOM pactBope NaOH, ordunbTpoBsiBamm OT
TUZIPOKCUIOB JKere3a, (pUabTpaT aKKypaTHO HOAKMUCISANM KOHIEHTPUPOBAHHON COTSHOM
KICTOTOT. BhimaBumit 0cajok OThUIbTPOBBIBAIN 1 IPOMBIBAIN U30BITKOM BOABI (3x50 cMm?).
BrizenenHble LienieBble MPORYKTHI 2f,g CylImm Ha BO3fyXe.

6,6’-murngpokcn-5,5’-guaTokcnondpennn-3,3-gukapobanpgerny  (2f): KopuuHessiit
NOPOIIOK. BBIX0f 52%. Tix = >300 °C. VIK (Vimax, KBr): 3349 (OH), 1680 (C=0), 1276, 1250, 1152
(Car-OC,Hs5). Haitmeno, %: C, 66.03; H, 5.83. CisHisOs. Paccunrano, %: C, 65.45; H, 5.49.
SAMP 'H (400 MT1y, IMCO-ds, J/Tu) 8, m.i.: 1.39 (1, J = 7.10 Tu, 6 H, C(5, 5)CHs), 4.10-4.33
(m, 4 H, C(5, 5)CH,), 7.79 (¢, 2 H, C(4, 4)H), 7.85 (¢, 2 H, C(2, 2)H), 10.00 (c, 2 H,
C(3, 3’)CHO).

6,6’-qurnppokcu-5,5’-guMerokcnonpennn-3,3’-pukapobanpaernn(2g): Kopuunesbii
NOPOIIOK. Borxog; 54%. Tax = >300 °C. UK (Vmas KBr): 3236 (OH), 1670 (C=0), 1256, 1145
(Ca-OCHs5). Haitmeno, %: C, 63.89; H, 4.83. CicH14Os. Paccunrano, %: C, 63.57; H, 4.67.
'H IMP (400 MT1, IMCO-d) 8, m.1i.: 3.88 (c, 6 H, C(5, 5)OCHs3), 7.61 (¢, 2 H, C(4, 4)H),
7.79 (¢, 2 H, C(4,4)H), 7.91 (¢, 2 H, C(2, 2’)H), 10.02 (¢, 2 H, C(3, 3’)CHO).

OkucmurenbHasg puMepusanyus 2,6-nu3aMelleHHBIX (PEHONOB B IPUCYTCTBUU
rekcaruppara xnopupa xenesa (III) FeCl»x6H,O (o6mas meTonnka). B xondy, cHabxeHHyI0
MEIIAJIKO} ¥ OOpaTHBIM XOMOAVIBHUKOM, 3arpyxXamu 0,024 MOnb TOHKO M3Me/ITbYeHHOTO
¢denoma, 40 M1 BOfbI M HarpeBanyu cofepxumoe Konmopl o 40-80 °C B 3aBUCUMOCTU OT
npupopbl  ¢denoma. Yepes 10-15 MMH mOC/Ie YaCTUYHOTO pPacTBOpeHUs QeHoma, mpu
nepeMeNBaHuy K peakunoHHoit cmecy npuwmBamm 0,065 monb FeCli:6H,O (w = 16%) u
IpOJO/DKany nepeMmemnBannue npu temneparype 40-80 °C B TtedyeHme 2,5 4acoB. 3a XOIOM
peakuyn crepymy MetooM TCX. ITo OKOHUAHNM peakIy COfiep>KUMOe KOMTObI OXTaXKIaI O
KOMHATHOJI TeMIIepaTypsl, 0cafok oTuabTpoBbiBanu. [ludeHoxnHOHBI 6a,b, BbIie/IeHHbIE C
BbIXO#amu 77-84 %, cymmim Ha BO3fyXxe.

Jl/11 Iony4eHM s Le/IeBbIX IPOAYKTOB 5a,b K cyclieHApOBaHHBIM B ropsdell YKCYCHOI
Kucmote nudpeHOXMHOHAM [00aB/IsUIM TPEXKPATHBIN M30BITOK LMHKOBO mbumn. Yepes wac
PEeAKUVMOHHYI0 MacCy OTQIbTPOBBIBAIINM OT IMHKOBON IbUIN, GUIbTPAT BeUIMBAIM B 50 M’
BOJIBI VI OCTABJLSUIN KPMCTA/UIM30BaThCsA. BbImaBumii ocajjok OTpuIbTPOBBIBAIN ¥ IIPOMbIBAIN
BofoI1 (2x50 cM?). I]e/eBble MPOAYKTBI, ITOJTy4eHHbIE C BBIXOAaMu 26—39 % OT Teoput, CyLIVIN
Ha BO3JIyXe.

3,3’,5,5’-terpamernn-[1,1’-6mpennn]-4,4’-guon (5a): Beixom: 39%. VIK (Vimax) cM': 3368
(OH), 1192 (Ar-OH). Haitgeno, %: C, 80.10; H, 8.33. Ci;sH 130, Paccunrano, %: C, 79.31;
H, 7.49. 'H SIMP (400 MTI'u, IMCO-ds) §, m.z1.: 2.18 (c., 12 H, C(3, 5, 3°, 5’)CH3), 7.39 (¢, 4 H,
C(2,6,2’, 6)H).

2,2’,3,3’,5,5-rekcamermin-[1,1’-6upennn]-4,4’-guon (5b): Beixog 26%. VIK (Vi) cM:
3516 (OH). Haitgeno, %: C, 78.90; H, 9.44. C,sH»,0,. Paccunrano, %: C, 79.96; H, 8.20. 'H IMP
(400 MI', IMCO-ds) 0, m.zi.: 1.94 (¢, 6 H, C(2, 2”)CH3), 2.02-2.10 (m, 12 H, C(3, 5, 3’, 5’)CH3),
7.12 (¢, 2 H, C(6, 6)H).
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3,3’,5,5’-Terpamernin-1,1’-6u(nukmorekca-2,5-quen-1-mwmmngen)-4,4’-mmoH (6a): Beixon

84%. MK (vmax) cM': 1636 (C=0). Haiigeno, %: C, 78.98; H, 6.84. C;sH,c0,. Paccunrano, %:

C,

79.97; H, 6.71. '"H IMP (400 MT'u, IMCO-ds) 8, m.zi.: 1.90 (c, 12 H, C(3, 5, 3’, 5)CH3),

6.88 (c,4H, C(2,2,6,6)H).

2,2’,3,3’,5,5’-rekcamerun-1,1’-6n(muknorekca-2,5-nuen-1-mmngen)-4,4’-nuon~ (6b):

Boixon 77%. VIK (Vinax) et 1633 (C=0). Haitneno, %: C, 78.91; H, 6.98. C1sH10,. Paccunrano,

%:

C, 80.56; H, 7.51. '"H SIMP (400 MTI'ti, IMCO-ds) §, m.z1.: 1.91 (¢, 6 H, C(2,2’)CH3), 2.05-2.10

(m, 12 H, C(3, 5, 3’, 5)CHs), 6.78 (c, 2 H, C(6, 6")H).
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Hayunas cmamos
YIIK 547.623

PA3PABOTKA METOJIVIKN XPOMATOIPA®PUYECKOTI'O
PA3JIETEHUA U YCTAHOBJ/IEHUE ITPO®WJISA IIPUMECEN /15
5-(5-TPMOTOPMETWI-MI3OKCA3OJI-3-WI]®YPAH-2-CYIbOOHAMUTIA -
JIJEKAPCTBEHHOTO KAHIIVIATA IJIA JTIEYEHUSA TTTAYKOMBI
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Kniouesvie cnosa:
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8bICOKOIPPexmUsHAs
HUOKOCHAS
xpomamoepadus

Annomauusa. Inaykoma sengemcss eedywieli NpuduHol Heobpamumoti Ccrenomol.
Pannss  Ouaenocmuxa u  apdexmusHoe  sieueHue  CNOCOOHbL  3ameOnUMb
npozpeccuposanue 3a60ne6aHUA U Npedomepamume HeoOpamumuvili  pacnaod
spumenvHolx QyHkyuii. Vzsecmno, umo uzopopma kapboarezudpasvl uenosexa II
ABTIAEMNCST KIACCUMECKOTE MUMEHDI0 0TI fieveHus enayxomol. Hamu 6vina npeonoxcena
Monekyna coedureHus 5-(5-mpugpmopmemun-uzokcason-3-unjgpypan-2-cynvgornamuda
nod npoexkmuvim Hazeéanuem BOI16, komopas nokasana 6viCOKYI aKMUBHOCHD
6 mecmax in vitro 6 xauecmee uHeubumopa xapboaHeuopasv: uenosexa II.
B Hacmoswee epema HauL KONAEKMUS NPOBOOUM Pa3pabomky u OOKTUHUUECKUE
UCCTIE008AHUS TIEKAPCINBEHHO020 Npenapama 6 Popme 2na3HbIX KAnemb HA OCHO8e
OanHozo coeduHenus. OOHUM U3 3MAnos @PapmauesmuuecKux Uccne008aHuil
A6NAEMCA Pa3pabomxa memo0o8 KOHMPONL Kauecmed, KAk (Papmayesmuueckoti
cybcmanyuy, max u 2omoeoli nekapcmeeHHoti gopmol. B xode pabom Hamu 6vina
paspabomana memoouxka Xxpomamozpauueckozo pasoenieHus, KOmopywo MOKHO
UCNonb306ams 04 KOHMPONA — KAuecéa — akmueHoti  dapmauesmuueckoti
cybcmanyuy  no noKA3amensIm KonudecreeHHozo onpedenenus. Tax e Ovin
ycmanoenen npodunv npumeceil, Mo ecmv ycmaHoeneHa CMpyKmypa npumecet,
06HapysuceHHVIX 8 NPOOYKMe PeaKyuu nony4eHus coedureHus B0O16.

T nuTHpoBaHMA:

ViBanosckuit C.A., fIuukoB V.V, lllerneB A.A., KopcakoB M.K. PaspaboTka MeToauku xpomarorpapimudeckoro

pasmeneHMA U YCTaHOBJIeHMe Hpopuas mpumecein A  5-(5-TpudTopMeTmI-u30Kca3on-3-mwi]pypan-2-

cynbdoHaMMAa — IEKaPCTBEHHOTO KaHAVaTa /11 IeYeHN s [TTayKOMBI // Om Xumuu K mexHono2uu waz 3a wazom.
2023.T. 4, Boim. 4. C. 60-67. URL: http://chemintech.ru/index.php/tor/2023-4-4

BBengenue

['maykoma siBsieTcsl Befylell IPUYMHON HeoOpaTUMOI CIENOTHI, IpUYeM OXKMUAeTCs

MOBBILLIEHNE KOMn4YecTBa O0IbHBIX ¢ 76,0 MIH 4enoBek B 2020 1. mo 111,8 mH B 2040 1. Panusasa

fMarHocTyKa 1 9¢ppekTuBHOE TedeHe CIOCOOHBI 3aMeINTh IPOrpeccupoBaHIe 3a00/IeBaHNs

¥ IPeJOTBPATUTh HeOOPATUMBI pacnaj 3pUTe/IbHbIX QPYHKIWI [1].

© C. A. VBanosckuii, V. V. Anuxos, A. A. Illernes, M. K. Kopcaxos, 2023
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VsBectHO, 4TO u30odopma Kapboanrmppassl dvemoBeka II (KAY II) sBmrsercs
K/TaCCUYECKOV MUIIEHBIO JIsI IeYeH s IJIayKOMBI [2-5].

B mpopo/pkeHne Hammx paboT IO CO3AHUIO HOBBIX CyTbPOHAMUAOB [6-8] Hamu ObIT
IIPeIIOXKeH JIeKapCTBEHHDIN KaHAUAAT HA OCHOBE MOJIEKY/IBI 5-(5-TpUQTOpMeTII-M30KCa301-
3-wn]dypaHn-2-cynppoHamu/a oy MpoeKTHHIM Ha3BaHyeM B016, KOTOPBI TOKa3a BBICOKYIO
aKTVBHOCTb B TeCTax in vitro B kadectBe nHrnbmropa KAY II [9-11]. B HacrosIee BpeMst Hal
KOJ/UIEKTVB IIPOBOAMT paspabOTKy M MOKIMHMYECKUE MCCIefOBaHNs JIEKApCTBEHHOTO
Iperapara /i IeYeHNs TIAaYKOMBI B (popMe ITIa3HbIX KaIlellb.

OpuyuM 13 9TanoB ¢apMaleBTUYECKNX JMCCIeJOBAaHNI SB/IAETCA pa3paboTKa METOLOB
KOHTPOJISI KadyecCTBa, Kak (apMalleBTMYeCKOil CyOCTaHIMM, TaK UM TOTOBOJI JI€KapCTBEHHON
¢opmbl. OCHOBHBIM METOJIOM, VICIIOIb3YEeMBIM B KOHTPOJIe Ka4eCTBa JIEKAPCTBEHHBIX CPELCTB,
apnsercs xpomarorpadus. Ilostomy paspaborka xpomartorpaduyeckoil MeTOIMKY,
II03BOJIAIONIEl pasfie/INTh Lie/IeBOJ IPOAYKT M BCe IIOTEHIVIATbHO BO3MO>KHBIE IIPUMECH,
ABNIAETCA aKTya/lbHOM 3ajadell. He MeHee BaKHON 3amadeil ABIAETCA YCTaHOBJIEHUE
CTPYKTYpBI IIpMMeceli, 0OHapY>KeHHBIX IIpM aHa/lu3e 00pas3loB CyOCTaHLMU. ITO MO3BOJISET
OLIeHNUTD MOTEHIMaIbHble TOKCcHYecKue 3¢pdekTsl mpuMeceil, TPOU3BOAUTD 1 aTTECTOBBIBATD
CTaHJAPTHBbIE 00Pa3Ibl IIpUMecei, KOTOpble IIOTOM MOTYT ObITh JMCIIO/Ib30BaHbI B PYTVHHOM
KOHTpOJIe KayecTBa KaK (apMaljeBTUYeCKON CyOCTaHINM, TaK M TOTOBOJI JI€KapCTBEHHOI

¢$bopMBI.

OcHoBHasA YacTh

XyMu4ecKknit MyTh CMHTe3a BemectBa B016 npencrapien Ha cxeme puc. 1.

0
Y 7 H,N—OH )0 HOSO,CI
\ / F \0/ G OH 2
—_—
F
FF F socl,
F
o N— NH Q0 N—o
ad o v & ’ HN~ O ¢ F
I ) \F PN F
0 0 F
For F

Puc. 1. IIyte cunTesa B016

nsa paspaboTkum MeTomuKM Xpomarorpaduueckoro pasjeneHus ObUI MCIIONb30BaH
obpasel], MOJTyYeHHBIN Ha ITOC/IeHeT CTafiuy 6e3 JOIOTHUTETbHO OYMCTKHA.

[lns xpomarorpaduyeckoro pasjeneHus BeleCTB, COMEPKAIUXCS B 3TOM 00pasle,
HamMy ObUla TIpe[yIo)KeHAa MeTOAMKA, OCHOBHble MapaMeTpbl KOTOPON IpPUBEEHBI
B 9KCIIEPMMEHTa/IbHOI YacTu. TunmyHas XpomaTorpaMMa IpuBefeHa Ha puc. 2. JlaHHas
METO[MKa I03BO/IsET O00eCHeYnTh MpUeM/IeMble IapaMeTpbl pasfie/ieHNsi KOMIOHEHTOB
(paspelieHye MeXLy KpUTUIECKUMY UKaMu 3,25 1 2,99 COOTBETCTBEHHO).
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PDA Ch1 268nm i
Muk No.|Bp.yaepx.| Mnowage BeicoTa UTT(USP) Koad. acum. | Paspew. (USP)
1 4,985 92175 1722 306 124 -
2 11,094 70783 12159 65010 062 9,300
3 11,659 6417839 1107897 72590 079 3,255
4 12,176 185213 31381 79469 .050 2,987
Cymma 7585590 1168658 |

Puc. 2. TunnyHas xpoMaTorpaMma IpofyKToB peakiyy mnoaydenns B0O16

Kak BuIHO M3 IpUBE[IEHHON XpOMATOIPaMMbl, KpoMe IIMKa OCHOBHOIO BelllecTBa
IPUCYTCTBYIOT TPU JOIIOJHUTENbHBIX NMKAa C BpeMEHaMI Y/Iep>KMBaHMUA COOTBETCTBEHHO
4,99 muH, 11,09 MuH n 12,18 Myz. O603HaYMM 9TU IIPYMECU COOTBETCTBEHHO KaK IIPUMeCh A,
npuMech B u npumecs C.

Il ycTaHOBJIEHUSA CTPYKTYPBI IpuMeceii Hamy ObU1 cronb3oBad Metor LC/MS/MS.

Ha puc. 3. npepcraBnen mMacc-crieKTp mpumecu A Ha Kpajpynone Q1 m Macc-cnekTp
pacrazia poiuTeIbCKOrO MOJIEKY/IAPHOTO MIOHA Ha KBagpymone Q3.

W -Q1:2.993 103,104 min from Sampe 6 (TFISA_50 ng_3 mK_01) of Dala20231113 Wi (Turbo Spray), sublracted (3:375 10 3.470 min) Max_ 5.5¢5 cps.
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OcCHOBHOII MONEKYNApPHBIE 1MOH M/Z
(cM. puc. 3). CTpYKTYypbl MOJIEKY/IAPHBIX MOHOB, 00Pa3yIoIMXCsl IPU Paciajie POAUTEIbCKOTO

MOHA, TaKOKe TpeJiCTaBIeHbl Ha puc. 4

546 COOTBETCTBYET CTPYKType [JuMepa

F
e AR
N SN T N F
\} -
F \ / e}
MM =547.37
H
. . R Q CH,
F 2 CH
AN N cw)( N Y
- o7 N\ F Y—o F 0 N—0
0 N—O N
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Puc. 4. Crpykrypa npumMecyu A U CTPYKTYPbl OCKOJIKOB, COOTBETCTBYIOLIMX NMKAM Macc-CcreKkTpa Ha Q3

Taxum 06pa3oM MO>KHO Cie/IaTh BBIBOJ, 4TO IIPUMeCh A — 3TO AMMep.

ITpumecu B 1 C mo cBouM (M3MKO-XMMUYECKMM CBOJICTBAM ONM3KM K OCHOBHOMY
BelecTBy. JIOTMYHO IPEAIIoNoXNUTb, YTO 3TO IPOM3BOJHBIE M30MEpPOB, O0Opa3yHIOIIMXCA
npu cynbpoxmopupoBaHun. VI umeHHO 3TN coeguHeHusA (nmpumech B, B016 n mpumecsr C)
ABJIAIOTCA KPUTUYECKVIMM TTapaMy [PV XpOMATOTrpaduIecKoM pasfieleHNI CMeCH.

Ha puc. 5. npexncrasnen mMacc-cuektp npumecu B na xBagpymone Q1 m Macc-cnexTp
pacrazia poiuTeIbCKOrO MOJIEKY/IAPHOTO MIOHA Ha KBagpymone Q3.

W .Q1:8596108:819 min from Sample 8 (TFISA_50 ng_3 mki_01) of Data20231113 wif (Turbo Spray), sublracted (8.039 to 8 246 min) Max. 9.7e6 cps.
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OCHOBHOJI ~ MOJIEKYNAPHBI ~ MOH

M/Z
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2-(5-Tpudropmernn-usokcason-3-mi]pypan-3-cynbponamma

MOJIEKY/IAPHBIX MOHOB,
IIpe/iCTaB/IEHbI Ha pUC. 6
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COOTBETCTBYET  CTPYKType
(puc.  6).  Crpykrypsl

obpasyomyxcs IIpU pachaje pOAUTENIbCKOTO MOHA,

TaKXXe

Puc. 6. CtpyxTypa npumecu B 1 CTpyKTypbl OCKOJIKOB, COOTBETCTBYIOLIMX IMKAM Macc-CreKkTpa Ha Q3

Takum 06pa3oM MOXXHO CHe/aTh BBIBOJ, YTO IpuMech B — ato 2-(5-tpudropmerni-

130Kca301-3-m1] pypan-3-cynbdhoHaMus.

Ha puc. 7 npepcraBnen mMacc-criektp npumecu C Ha kBagpymone Q1 M Macc-crekTp

pacIiajia poiuTe/IbCKOrO MOJIEKY/IIPHOTO MIOHA Ha KBagpymnone Q3.

B -Q1: 9.408 to 9.663 min from Sample 8 (TFISA_50 ng_3 mk_01) of Data20231113.wiff (Turbo Spray), subtracted (9.774 to 10.236 min)
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OcHOBHOII ~ MONMeKynApHBI MOH M/Z = 281 COOTBETCTBYeT CTPYKType
5-(5-tpudropmernn-usokcason-3-mn]ypan-3-cynoponamupa  (puc.  8).  CTpyKTYypHI
MOJIEKY/IAPHBIX MOHOB, OOpasyloLMXcsA IIpU pacliafie pOAUTENTbCKOTO MOHA, TaKKe
IIpe/iCTaB/IEHbl Ha pUC. 8
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Puc. 8. Crpykrypa npumecn C 1 CTPyKTypBI OCKO/KOB, COOTBETCTBYIOLINX IIMKaM Macc-CIeKTpa Ha Q3

Takum 06pasoM, MOXHO cfenaTh BbIBOJ, 4TO mpuMech C — 9Tt0 5-(5-Tpudropmerni-
130Kca3o1-3-m1] pypan-3-cynbhoHaMus.

IKCIepUMEeHTAIbHAs 9aCTh

PearenTs! u pactsoputenn («Aldrich», «Acros») ABIAIOTCA KOMMeEpPYECKH JOCTYITHBIMU
¥ OBUIY MICTIONIb30BAHBI 0€3 IpefiBapUTETbHO OYMCTKIA.

XpoMmaTorpaMMsbl OTy4eHbl Ha XxpoMmaTtorpade Shimadzu LC-20 Prominence.

MopenbHas cMech st xpoMatorpaduu u o6pasub JIC BO16 nomyuenst no Meropguxe [5].

Meronuka mnposenenus aHamsa JIC B016. PactBopurenb: B KOHUYECKYIO KOOy
cupureproit mpoOkoit momemaroT 140 M1 ameroHmTpwiaa M 60 M BOABI, PacTBOP
HepeMelBaIOT, PUIbTPYIOT 1 Iera3upyIOT.

Vcnpityemsiit pactBop. Okono 0,01t (TOYHass HaBecka) CyOCTaHIUMM ITOMELIAIOT
B MEPHYIO KO/I0y BMECTMMOCTBIO 5 MJI, pacTBOPSIIOT B 3 MJI PacTBOPUTES, LOBOAAT 00BEM
pacTBOpa IO METKM TeM K€ paCTBOPUTEJIEM 1 IIepeMelINBaIOT.

1 MJI HOTy4eHHOTO PacTBOpaA EPEHOCAT B MEPHYIO KOJIOY BMECTMMOCTbIO 50 MJI, JOBOZSAT
00beM pacTBOpa JJO METKM TeM >Ke PacTBOPUTENIEM I NepeMelnyBaoT. [lomydeHHbl pacTBOP
¢GunbTpyIOT Yepe3 MeMOpaHHBI PUIBTP ¢ padMepoM 1op He 6ornee 0,45 MKM.

Xpomarorpadudeckue ycmosus (Tabim. 1):

Kononka Kinetex C18 5mkm 250x4,6MM MIM aHAIOTMYHAS;
[TopBwkHas dasa A BOJIa IEMIOHM3VPOBaHHAs;

[TopsmxHas dasa B ALleTOHUTPUIT,

CKOpOCTb ITOTOKA 1,5 mn/MuH;

TemmnepaTypa KOOHKMI 25°C;

JeTekTop CIIeKTPOOTOMETPUYECKIIA, J/IMHA BOJIHBI 268 HM;
O6pem po6bI 10 MKt

Ta6mmma 1. I'pagyenTHas mporpaMMa 3IIOMPOBAHUA

Bpems, mun [Mopsyxuas dasa A, % [Mopswxuas dasa B, %
0 70 30
3 70 30
20 45 55
21 70 30

65



OT XHMHM K TEXHOJIOTH TOM 4, BINYCK 4, 2023

pentnduxanmio MTpOAYKTOB peakuuym HOpoBogwan ¢ mnomoupio BIKX-MC/MC-
CHUCTEMBI, BK/IIOYAIOIIel B ceOsl TaHAEMHBIN Macc-cIeKTpoMeTpudeckuit ferekrop AB Sciex
QTRAP5500 (AB Sciex LLC, CIIA) u xpomarorpad Agilent 1260 Infinity (Agilent
Technologies LLC, CIIIA), cocrosmmit n3 Hacoca G1312B, aBTocemmmepa GI1329B ¢
tepmocratoM G1330B, Tepmocrara konoHok G1316A (ynpasienne npubopoMm - IpOrpaMMHOE
obecrieuenre «Analyst 1.6.2» (AB Sciex LLC, CIIIA), obpaboTka XpomarorpamMm -
nporpammHoe obecrieuenne «MultiQuant 3.0.5» (AB Sciex LLC, CIIIA), nmporHosupoBaHie
MeTabomuToB U cospanre MRM-MeTonoB mpeHTH(UKAIY MeTabOIUTOB — IPOTpPaMMHOE
obecneyenne «LightSight» 2.3 (AB Sciex LLC, CIIIA)).

Ta6muia 2. [TapaMeTppl Macc-CIEKTPOMETPUYECKOTO JeTeKTrpoBaHus B016 u ero meTabonmuTos

ITapameTpbnl 3HaueHme
Cnocob noHusanumn AnexrpopacibinnuTensHas nonusanus (ESI)
Hanpsxenne sanexrpocnpes +5500 B
T'asoBast 3aBeca 30 psi (Asor)
CAD-ra3 (aucconmanyus, akTUBUPOBaHHasI COYLapeHyeM) High (AsoT)
Temneparypa nCTOYHMKA NOHOB 700 °C

I'az 1 (Harpesatowuii ra3) 55 psi (Bosmyx)
I'a3 2 (T'a3-Hebymaitsep) 55 psi (Bosmyx)

BrIBOABI M peKOMeHJAN

Beima paspaboraHa MeTopyuKa XpoMaTOrpaduyeckoro pasmeneHysi, KOTOPYI0 MOXXHO
UCIIONb30BaTh JyIA KOHTPOJA KadecTBa AaKTVMBHOM ¢apMaleBTNIeCKOil CyOCTaHIMN
0 ITOKa3aTe/AM KOJMYeCTBEeHHOe OIlpefie/ieHNe I pOJCTBEeHHbIe TpuMecH. [laHHas MeTofMKa
NI03BOJIAET 00ECIeYNTDh IpYeM/IeMble ITapaMeTphl pasfie/ieHNsA KPUTUYECKNX KOMIIOHEHTOB
(paspemenne mexxpy nukamy npuMecy B m B016 n nmukamu B016 n mpumecn C 3,25 u 2,99
COOTBETCTBEHHO).

C mnomompio Meroga LC/MS/MS 6bin ycraHOBNIEeH npodumib HpuMeceil, TO eCTb
YCTQaHOBJIEHAa CTPYKTypa IIpMMeceil, OOHapy)XeHHBIX B IIPOAYKTe peaKIUy IOIydeHuA
coenuHenusa B0O16.

Paboma svinonmena 6 pamxax eocyoapcmeenHoeo 3a0anus Munucmepcmea npoceeuseHust
Poccutickoti Pedepavuu Ne 073-00077-21-02 Ha 6vbinonHeHUue HAYUHBIX UCCIE008AHULL NO MeMe
«Paspabomka UHHOBAUUOHHOZ0 JIEKAPCIMBEHHO20 CPeOCmEa O7is JIeHeHUS OMKPbIMOY20nbHO
271AYKOMbL Nymem CefleKMUBHo20 uHeubuposanus kapboarneudpasvl I1"» (Ne peecmposoii 3anucu
7300009.99.1. EBI0AA00006).
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Hayunas cmamos
VIIK 547.97

PACKPBITUE 9K30IINKITA ®OPBITHOB C/IABBIMU
O-HYKJIEO®UIAMI. U3YYEHUE U ONTUMM3AIIUA ITYTEN
CUHTE3A CBOBOJHOTI'O XJIOPUHA es

. P. Kapumos

Omutpuit Pycramosuy Kapumos, KaHz. XUM. HayK, JOLIEHT
VIBaHOBCKMIA TOCYZlapCTBEHHDII XUMMUKO-TEXHOTOTMYECKII YHUBEpPCUTET, VBaHoBoO, Poccus,
dmitriy.karimov@list.ru

Kniouesvie cnosa: Annomauua. B pabome paccmompenvl 60npocvl, KACAOULUECT peakyuu
popbunvl, O-nykneopunvi;  pasmoikanus (Packpuimus) IK30UUKna 6 Mmonekynax Popouxos (Ha npumepe
pasmvikarue sK30UuKa, memungeopopbébuda a) npu Oeiicmeuu O-HykneoPunos — 600vi U CHUPMOE.
npou3sooHvle XI0pUHa e,  Ilokasamo, umo Oaxe makue OMHOCUMENbHO Cnabble HyKneoPunvl, Kaxk 600a u
pomoceHcubunusamopot cnupmol, CHOCOOHbL 8 ONPEOeNIEHHBIX YCTIOBULX NPUBOOUMD K PASMBIKAHUIO

IK30UUKIA 6 MoreKyne memungpeodopbuda a ¢ 06pazosaruem NPOU3BOOHBIX
X70puHa es. VI3yuenue 0AHHOU peakyuu, HOMUMO Npouezo, OMKPbIéaen HOBble
CuHmemu1ecKue Nymu K NOLy4eHuro 3QPupos xnopuHa es pasnauuHoil crmeneHu
3aMewjeHus, 4 6 KOHeuHOM umoze - U CB0000H020 XNOPUHA e€s 6 6ude
MPUKUCTIOM DL, ABTAIOULE20CS UEeHHBIM pomocencubunuzamopom
ons pomodunamuyecxkoti mepanuu (DPAT) u ucxodHvim coeduHeHuem Ong
nomyuenust opyeux omoceHcubunusamopos. Paccmompervl makice 803mMoxcHble
cunmemuteckue no0xXo0bl K NONYy4eHUI0 c80000H020 XTOPUHA €s.

s quTpoBaHus:

Kapumos [I.P. PackpbiTie sx3ounkia pop6unos cnabbiMu O-Hykreopunamu. VsydeHne u onTuMusanus myTei
CMHTe3a CBOOOZHOTrO X/IopuHa € // Om xumuu Kk mexvonozuu wae 3a waeom. 2023. T. 4, Boi. 4. C. 68-81.
URL: http://chemintech.ru/index.php/tor/2023-4-4

BBenenmne

Haxxe B XXI B. HeKOTOpBIE IIPOO/IEMBI MEVIIVHBI IIO-IIPEXKHEMY OCTAIOTCS aKTYaTbHBIMU
Y He PeIIéHHBIMY OKOHYATeTbHO. JTO, B YACTHOCTY, BOIIPOCHI OOPBOBI C OHKOJIOTMYECKIMU
3a00/IeBaHNAMY, @ TakKe C PE3UCTeHTHBIMM K aHTUOMOTMKAM OaKTepyaabHBIMU
nHoexysamu [1-8]. JlaHHOe 06CTOATENBCTBO IpefoIpene/seT MOCTOSIHHbIE TTOVCKY HOBBIX
3¢ GEeKTUBHBIX 1 TPV 9TOM MaKCUMaTbHO 0€30II1aCHBIX ITyTeil pellleHVs] Ha3BaHHBIX IpobiieM [7].
OpuuM 13  Hambormee  IEPCIEKTVBHBIX  METOOB, HAIPaBIeHHBIX Ha  060pbOy
KaK C OHKO3a0OJIeBaHUAMY, TaK M C IATOT€HHON OaKTepuanbHO  MUKpOdIOpoi
npepcTapisercs poroguHamudeckas tepamus (OIT) — metop, CBsI3aHHBII € MICIIONIb30BAHNEM
dotocencubmmsaropos (PC) [7-10]. PoroceHcMOUMM3ATOP — 3TO OOBIYHO OPTAHMYECKUI

KpacuTesb, 06/Iafalounil ClIOCOOHOCTBIO M30MPaTeNbHO HAKAIUIMBATBCS B TKAHAX OIYXOJIeN

© [I. P. Kapumos, 2023
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mmb0 B KJIeTKax OakTepuil ¥ Npy OONTy4eHUM CBETOM OIpefie/IEHHOI JUIMHBI BOTHBI 3TUX
TKaHell TeHepPUPYIOUUI aKTUBHBIM (CUHITIETHBIN) KMCIOPOJ, KOTOPBIN, B CBOK OYepelb,
paspylLIaeT OKpy>Kalolljyie OIyXOJieBble TKaHU WM OpTraHe/UIbl OaKTepuanbHOM KiIeTkKu [7].
ITocKONbKY ~ CUHITIETHBINI ~ KUCIOpOA  obpasyeTcs JIMIIb B MeCTe  HAKOIUICHVA
¢doToceHCHObWIN3aTOPa IPK €TO 1a3ePHOM O0/Ty4eHNN, 3T0POBbIe TKAHV BOKPYT OITyXO/IN VI
ouara 6axkTepmanbHON MHPeKUM He 3aTparuBaTcs [7]. OpHako k hoToceHCMbUIm3aropam
IpefbABIACTCA psAf  TpeboBaHUI (OfHOBpEMEHHAs BOJO- MU >KUPOPACTBOPMMOCTD
(aMmpudMUIBHOCTD), CIIOCOOHOCTH TOINOWIATh KBAHTBI CBeTa B KPAacHOW M OmyDKHeN
VK-o6nactu criekTpa, apdexTyBHAsI FeHepaIyis CUHITIETHOTO KMCTIOPOJia U APYTUX aKTYBHBIX
dopM  KucIOpoAa, TPONHOCTb K  ONYXOJEBBIM  KJIeTKaM, HM3Kas TOKCUYHOCTDb
" (POTOTOKCUYIHOCTD, BHICOKAsA CKOPOCTb BBIBECHM M3 OPTaHM3Ma), I JaJIeKO He BCe U3 HUX
yHa€Tcsl peanmn30BaTh HOCPEACTBOM ONHOTO XMMUYECKOTOo coefyHeHMs. TakuMm obpasoMm,
«MIeaIbHOTO POTOCEHCMOMNMM3aTOpa» He CYIIeCcTBYeT [7], 4To Impefompese/sieT MOCTOsSHHbIE
HIOVICKY HOBBIX ()OTOCEHCMOMT3aTOPOB — KaK IMIPUPOAHBIX, TAK M CUHTETUYECKIX.

Xopo110 3apeKOMeH0BaBIINMIY ce0s1 B KauecTBe (POTOCEHCHOMTN3ATOPOB COeANHEHUAMNI
HOKasa/y IOTyCHHTETHYeCKNe IIPOM3BOJHBIE IPUPOZHOIO XJIOpodWIIa — IPOU3BOJHbIE
$bopbuHOB, a TakKe aMuabl U SPUPHl XIOpUHA € (KaKk B CBOOOJHOM BHUAE, TaK U B BUJE
KOHBIOTATOB C PasJIMYHBIMY MOHOMEpPHBIMU OMOMoOJeKynamu u Ouononumepamu) [11-16].
Tem He MeHee, Jjake 3TU COeIVHEHNA BCE >Xe He YHOBIETBOPAIOT B IIOJIHOM Mepe Bceil
COBOKYNHOCTM TpeboBaHMiT K (pOTOCeHCHOMMM3aTOpaM, IIO3TOMY IOVMCKM HOBBIX ITyTeNl MX
CMHTe3a ¥ MoauMduKanuy NpojoKanTca. HeTpuBuanbHylo 3afady NpencTaBiseT coboil
U IIOJTy4YeHUe CBOOOTHOTO XTIOPVHA € B YMCTOM BUJie IO CTAaHJaPTHBIM METOAMKAM — TaK/M
KaK IeJIOYHOI Tupponus ero a¢upoB winm Metmnpeopopbupa a, MOCKOIBKY IIPU 9TOM
obpasyeTcss cMeChb COefMHEeHMIT O/NM3KOIl CTPYKTYPBI, KOTOPYI HEOOXO[AMMO IO/BepraTh
pasgenennio [17].

VIcXOmHBIM cOefIIHEeHMEeM 151 IOTyYeHNs Pa3IM4HbIX IIPOV3BOHBIX XIOPYHA €6 SABJISIETCS
Metwndeopopbus a — IPOAYKT, MOMyIaeMblil 13 IPUPOLHOTO XIOpodIIa a B ABe CTauN,
IepBOil 13 KOTOPBIX ABJIAETCA leMeTA/UIMpOoBaHye (yfaleHue YOHa MAarHWA IpU JeiiCTBUN
COJISTHOJI KUCJIOTBI), @ BTOpPOII — epearepudukanyus (3amMmeHa octaTka GpuToia Ha METUIbHYIO
TPYIIIY B IIOTIO>KeHNY 17 TIpy IefiCTBUM CMeCH MeTaHOI — cepHas Kucnora (5% 06.)). s Toro,
4T0OBI 13 MeTmnIdeodopbua a MOMYINTh IPOU3BOJIHBIE XIOPUHA €6, HEOOXOVIMO PacKpBITh
¢GopOuHOBBIT  9K30LMKI. Peakums pasMbIKaHMsA 9K30LMKJIA IPEACTAaBIsAeT  COOOI
HYK/IeoQWIbHOEe 3aMelleHNe IIpY KapOOHWIBHOM aToMe yIleposa B momoxkeHun 13(1) [18].
CK/IOHHOCTh 9K30IMK/IAa K PAacKpbITUIO IO, [eJICTBMEM HYKJIeOPWIbHBIX peareHTOB
00yC/IOB/IeHa, B IEPBYIO OYepeNib, CHATIEM CTePUYECKIIX HAIIPsDKEHMI (MICKa)KeHVie BaJIeHTHBIX
YIZIOB B 9K30LMK/IE M OTTAJIKMBaHME OJM3KO PACIIONIOXKEHHBIX OOBEMHBIX 3aMeCTUTesei
B IIOJIOKeHUAX 17 u 13(2)) B Xofie peakumiu, a Tak>ke 0COOEHHOCTAMM MeXaHM3Ma IIpoliecca
(BO3MO>XXHOCTB JIe/IOKaINM3aLMM OTPULIATE/IbHOTO 3apsifia B KapOoaHMOHe, 00pasyolieMcs Py
reTeponmMTIIecKoM paspaise csasu 13(1)-C-13(2)-C) [16].

Peakijusa pasMblKaHMs 9K30LMKJIA [IOBOJIBHO XOPOIIO M3yd4eHa Ha IpUMepe

BSE[I/[MOI[CIZCTBI/IH MeTI/[H(i)eO(l)OP6I/II[a a ¢ aMIHaMM, BbBICTYIIAIOIIVMMIM B  Ka4€CTBE
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N-nykneopwros [18, 19]. VI3BecTHO, YTO 3HAUNTENTbHOE BIMAHME HA BO3MOXXHOCTD
IPOTeKaHMs [AHHOJ peaKIVy OKasblBaeT IPOCTPAHCTBEHHOE CTpOeHMe aMMHa (CTeHeHb
9KpaHMPOBAHMA aTOMa a30Ta VIMEIOIIMMIICA IIPU HEM 3aMeCTUTEILIMM), @ TAKOKe 3IeKTPOHHOE
CTpOeHMEe MaKpOLUKIa (Haandye 3/eKTPOHOAKI[ENTOPHBIX 3aMeCTUTENell TMIOTeTHYeCKN
JIO/DKHO objierdarp mporekanue peakumu) [18]. ITpm arom crepmdeckuit ¢pakTop uUrpaer
IIaBEHCTBYIOIYI0O PO/Ib M He MOXeT OBITh CKOMIIEHCHMPOBAaH 3/IeKTPOHHBIM. Cumraercs,
YTO IJIQIKO BCTYIIAIOT B PEAKIVIO IIepBIYHbIE 11 BTOPMYHbIE aludaTidecKyie aMIuHbI, IPIIEM
B C/lydae BTOPMYHBIX aMUHOB 3aMeCTUTENN IIpM aTOMe a30Ta He NO/DKHBI OBITh Oosee
O00BEMHBIMM, 4YeM H-TipomyibHas rpymnma [18]. Oco6eHHOCTBIO IpOBefeHMs IIpoliecca
ABNISIETCS TAaK)XXe MCIOIb30BaHMe OOnbuUiMX u30BITKOB aMuHOB (100-200-kpatHbIe).
B To e Bpemss m3BecTHBI paborsl [20, 21], B KOTOPBIX OIIMCAHO PACKpBITHE IK30LVK/IA
00BEMHBIMM MOJIEKY/IaMiI aMMHOB IpM MX MUHUMAIbHBIX M30bITKaX. CrefyeT Taroke
OTMETHUTb, YTO WCIIONIb30BaHNe Oojee >KECTKUX YCIOBUII IIpM IPOBENEHUM PpeaKIUu
Pa3sMbIKaHNUsA 9K30LMK/IA (KUIIAYEHVe B TOTyOJIe BMECTO KOMHATHON TeMIIepaTypbl) IIPUBOANUT
K VI3MEHEHMIO HAlpaBJIeHUs peakUVy, M IPOMUCXORUT aMUVPOBaHUE CI0XXHOI(DUPHOI
TPYIIIBI 9K301MK/Ia O6e3 ero packpuitus [18].

B nutepatype onmcaHo pacKpbITHe 9K30IMK/IA B MOIeKynax Metundeodopbuza a n ero
npou3BOAHBIX Takke M O-Hykneopwmramu [22, 23], OgHAKO TOJBKO BeCbMa CVUJIBHBIMU
(B wacTHOCTHM, MeTwIaToM HaTpysi). CumMTaeTcs, 4YTO IIENOYHON TIuAponu3 ¢GOpOMHOBBIX
IIPOM3BOAHBIX IIPENapaTUBHO HelleecoobpaseH, IOCKOIbKY IPUBOAUT K OOpa3sOBaHNIO
TPYAHO pas3[e/MOll cMecy CBOOOIHOTO X/IOpMHA € M €0 METVWIOBBIX 3(UpPOB Pa3IMIHON
creneHu 3amerneHus [18]. [Ins IieeHanpaB/eHHOTO IIONTy4YeHUs TPUMETHIOBOTO 3dupa
XJIOpUHA €6 OOBIYHO UCIIONIb3YETCA ob6paboTka TaKMX cMeceit OmasoMeTaHoM [22, 23],
HO/Ty4eH)ie KOTOPOTO CBSI3aHO C  OIpefeN€HHBIMM  TPYSHOCTAMMU  (CpaBHUTEIBHO
MaJIOfIOCTYTIHbIE PeaKTUBBI) M PYCKaMM (MCXONHBIE BelecTBA IS CHHTe3a — B JaCTHOCTI,
N-HMTPO30OMETWIMOYEBMHA — SBIAIOTCA KaHIEPOTeHaMM, a caM [ua30MeTaH SJJOBUT
U B3pbIBOOIIACceH). TpuMeTHIOBbIl 3up XIOpUHA €5 MOXeT OBITh HONTy4eH 00paboTKOI
Metungpeopopbusa a MeTunaToM Hatpus [22], a Taxke 06pasyeTcst IpK JeVICTBUU PacTBOpa
TUAPOKCHUAA Kamus B MeTaHonme Ha MerTwideodopbun a B mmpupguHe [24] wm
Terparuspodypare. BpUto HaiieHO, YTO Hake TakKoil Crmabblii HyKIeopwn, Kak BOJa,
IpY B3anMOJeiicTBUM ¢ (GopOMHaMy B OIpemeN€HHBIX YCIOBMAX CIIOCOOEH 00pa3oBBIBATH
IPOAYKTBI PAacKpBITVs 9K30IVK/IA, XOTA ¥ B CIeNOBbIX KommdecrBax. Peodopbup a
TaKoKe MOABEPraeTcsl PacKphITUIO SK30LMKIA IIpY 006paboTKe IMAPOKCUIOM Kalmusd B CUCTEMe
«IT® - MeTaHON» NpPU KOMHATHOI TeMIieparype ¢ obpasoBaHueMm 17-kapbokcu-13,15-
IVIMEeTWIOBOTO 3¢upa XJIOpUHA €.

ITpu o6paboTke pactBopa MeTunpeopopobuaa a B TTD BogHBIM pacTBOPOM IMAPOKCHAA
Ka/IUA TPy KUIITYeHNN TIPOUCXOAUT 00pa3oBaHue CBOOOJHOTO XIOpUHA € HApAMRY C PYIVMU
npoaykTamy. OJHNMM 113 HTOOOYHBIX IIPOAYKTOB ABJIAETCS XTIOPUH €4, IIPEACTABILAIONINIT COO0I
IPOAYKT OJHOKPATHOTO JIeKapOOKCUIMPOBAHMI XJIOPMHA €6 IO MOTIOKEHNI0 15 MakpoumKIIa.
Peakijus mexapOOKCMIMPOBaHNS XJIOPUHA €6 OIMCaHa B juTeparype [25], oHa IpoTekaer

[PV HaTPEBaHUM XJIOPMHA € B OCHOBHBIX Cpefiax.
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IKCIepUMeHTAaTbHAs 9aCTh

Merundeodopbuy a 6bU1 momydeH B CcooTBeTCTBMM C [26]. PactBopurenm
OBbIIV OYMIIIEHBI B COOTBETCTBUM C OOLENIPUHATBIMU MeTOAMKaMM. MeTaHONM OBUI OCylLIeH
NyTéM IIEPerOHKM HaJl MeTa/UIMYeCKVM MarHueM, TeTparugpodypan u xaopopopm
OBV IIOBEPTHYTHI IIEPETOHKE IIOCTIE BBIIEP)KMBAHNA HaJl ITUAPOKCUOM Kaus U CynbdaToM
HaTpMsI COOTBETCTBEHHO. AIIeTOH OB IOABEPTHYT IIeperoHke ¢ gedermaTopoM. I'mupokcup
Kalusg WM CONMAHAs KUCIOTa JVICIIONb30BalIUCh 0e3 IIpefBapUTEe/IbHOM  ITOATOTOBKIL.
Macc-cneKTpsl  perucTpUMpOBaIUCh € IHOMOINBIO  BPEMSINPOTETHOTO  TaH/IEMHOTO
Macc-cnekTpoMetpa ¢ MaTpuuHoi nonnsanyeit (MALDI TOF) Axima Confidence (Shimadzu,
SInonms). B kayecTBe MaTpUIIBI UCIONIB30BANINCH 2,5-AUTNpoKcubensoHas kucnora (DHB)
u a-uyaHo-4-ruppokcukopuynas kucinora (CHCA). Crexrpsl 'H SIMP perncrpupoanich
Ha criektpoMetpe Avance-500 (Bruker, I'epmanns) ¢ paboueit vacroroit 500 MI'y nmpu 293 K.

1. VI3y4eHe BO3MOXHOCTM IPOTEKaHNA IIpo/n3a MeTuidpeodopbuyia a B KUCIO cpefie.

H,C=HC

Me,CO/HCI (3:2 06.)
- \
3 4, KOMH. /

\
H;CO0C HOOC

MeTHIIpeodhopoua a

HOH, H'
H;C CH,
H . NS
H,¢ CH, COOH
HzC‘ COOCH;
H;CO0C H3;CO0C
metnIdeodopdnn a 15,17-aameTmi10BBIii > Hp XJT0pHHA €6

Merundeodopbus a (200 mr, 0,329 MMonp) ObI PacTBOPEH B 6 MJI aljeTOHA.
K nonyyeHHoMy pactBOpy ObIIO 06aB/IeHO 4 MJI KOHIL|EHTPMPOBAHHON COJNISHOI KVC/TOTBL
PeakijmoHHass cMech ObUTa IOABEPrHyTa IepeMeIIVBAHMIO IIPYM KOMHATHOI TeMIlepaType
B TedeHue 4 4, TI0C/Ie Yero OblIa IIpOBefieHa 9KCTPAKIVS XITOpopOpMOM C J06aBKOJ MeTaHOIA
U TIPOMbIBKAa OpraHmdeckoro cnosi Bopoil. TCX (cwamkarenb, AMXTOpPMETaH — MeETaHOI
(10% 06.)) peakuMOHHON cMecH IOC/Ie IKCTPAKIUY TeMOHCTPUPYET, IOMUMO OCHOBHBIX 30H
(peodopbupma a B KauyecTBE OCHOBHOTO IIPOAYKTA M C/IEOB HE BCTYNMBLIETO B PEAKIMIO
ucxopHoro Metmwideodopbusa a), TakKe Hamudye TPYAHOIOMBIDKHOV (paKuyy 3el1€HOTO
1BeTa. BplTa mpoBesieHa KOJIOHOYHAst XpoMaTorpadust MOMTy4eHHOTO IPOAYKTa Ha CY/IMKarese
C WCIONb30BaHMeM cMecell xymopodopm - MeraHon (2-20% 06.) B KauecTBe 3/TIOCHTA.
Dpakiys 3e/IEHOTO [[BeTa CXOAMIA C KOJIOHKM MOCTIef{HEl ¥ BBIMBIBAIaCh CMeChIO XTI0podopM —
MmetaHon (20% 06.). [laHHBIe Macc-CHEKTPOMETPUM IIPOAEMOHCTPUPOBAIN, YTO MHAaHHAs
¢bpakuusa npencraBiseT cob0il cMech CBOOOIZHOTO XJIOPMHA € M €r0 METWIOBBIX 3(QNpOB
pasHOIl CTeIeHN 3aMelleHVs, OFHAKO MpeoOIajaloliM KOMIIOHEHTOM CMeCH SIBIIACTCS
IVMeTWIOBBIN a¢up xmopuHa es (M = 625) (puc. 1).
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Dia‘t-D'-B-(ID’I E16[c] 22 Jun 2023 14:24 Cal: tof 15 Cct 2014 13:33

Shimedau Biotech Axima Confidence 2.9.3.20110624: Mode Reflectron, Power: 96, Banked, P.Ext. @500 (bin 58)
Ydrt. 24V Profile 39
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Deta: 4CHCA0001.E17]c] 22 Jun 2023 14:23 Cdl: tof 15 Oct 2014 13:33

Shimedau Bictech Axima Confidence 2.9.3.20110624: Mode Reflectron, Power: 76, Blanked, P.Ext. @500 (bin 58)
Yrt. 64mvV Profile 71
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Shimedzu Biotech Axima Confidence 2.9.3.20110624: Mode Reflectron, Power: 81, Blarked, P.Ext. @800 (bin 58)
rt. 3BV Pdfile 17
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bes maTpuib
Puc. 1. Macc-CIieKTpsl «3e/I€HOI (ppaKkumm» Ha PasINIHBIX MATPULIAX, @ TAKXKe 6e3 HuX
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JIOrM4YHO NPpefIONOXNUTh, YTO OH IpefCcTaBIsfeT coboit 15,17-muMeTnnoBsi apup
XJTIOPMHA €5 CO CBOOOHOI KapOOKCU/IBHOI TPYIIION B IOMOXXEHUN 13, IO MeCTy pacKpBITUS
9K30I[MK/Ia, 3 pACKPBIBAIOIIMM 9K30LMKII aT€HTOM B TAKOM C/Tydae sBJIAETCA BOJa.

B cMecu TakKe pUCYTCTBYyeT MOHOMETMIOBBIN a¢up xnopuHa e (M = 611) (cm. puc. 1),
HO-BUIIMOMY, SBJIAIUICA 15-MOHOMETWIOBBIM 3dupoM, nockonbky 17-COOCH;-rpymma
MOJBEPraeTcsl KUCIOTHOMY rupipommusy jerde, d4em 15-COOCH;-rpynma, 4to crnemyer
3 MHOTOYMC/IEHHBIX 9KCIIEPVMEHTATbHBIX JAHHBIX II0 IOMYYEHUIO 17-MOHOKapOOKCUIbHBIX
IPOM3BOAHBIX 13-aMu0B 15-MOHOMETWIOBBIX 3(MpPOB X/IOpUHA €, a Takke (deodopbupa,
nomygaeMoro  msbuparenpHeiM  tuppomusoMm  17-COOCH;-rpynmel B MoJeKyjie
Metmndeodpopdupa no 17-COOH-rpynmsl ¢ coxpanenuem 15-COOCH;-dparmenta. Hakoner,
CBOOOTHOMY XJIOPMHY €5 COOTBETCTBYET CUTHAT 597, MMEIONNIICA B Macc-CIIeKTpax (cM. puc. 1).

2. Cunres 13,15,17-TpuMeTnI0BOTO 3QUpa XITOPUHA €.

H,C=H CH; H,C-H H;
H;C CH,—CH; H;C CH,—CH,
CH;0H/KOH
R
TT®
H;C CH H;C
3 CH3

H u H .

e 7 ca=o HyC H, COOCH,

H; COOCH; Hz? COOCH;

H;CO0C H;CO0C

Merundeodopbup a (121,6 mr, 0,2 MMO/b) OBUT pacTBOPEH B 6 MII TeTparuppodypaHa.
I'mppoxcup kamus (336 Mr, 6 MMOJIb) OBIT pacTBOPEH B 12 M1 MeTaHONa. PacTBOp ruppokcuga
Kamusa ObUl mobGaBieH K pactBopy MeTmndeodopbupa g; IPUTOM peakUMOHHAs CMeCh
npuobpeTana 3enényio okpacky. K peakijmonHoit cMecu 6putu fo6aBieHbl X10poGOpM U BOJA;
PV 9TOM IPOMCXOJMIO Pa3fie/ieHNe Ha [iBa c1oA. HVbKHMIT OKpallleHHbI OpraHNYeCKNIA C/I0M
ObUI OT/Ie/IEH U IPOMBIT BOJOI. bblla mpoBeieHa KOJIOHOYHAs XpoMaTorpadus MoIy4eHHOTO
HEOYMIIIEHHOTO IPOJyKTa Ha CUJIMKarese C MCIONIb30BaHMEM CMeCU XI0podopM — MeTaHON
(1% 06.) B xauectBe smoeHTa. IlepBas ¢paxuysa (3e1€HOro IBeTa) IPeACTaBIAeT COOOI
11e/IeBOJI TIPOAYKT, YTO MOATBEPIK/AETCS JAHHBIMU Macc-criekTpomerpun (M = 640) (puc. 2)
u 'H-AMP.

13,15,17-TpumeTnnoBsiit 3¢pup X10puHa €. TEMHO-3e1€HbIN TOpoIIoK. Borxon 89,6 Mr
(70%). 'H-IMP (500 MTu, CDCL) §, ma: 9,71 (c, 1H, 10-H), 9,58 (¢, 1H, 5-H),
8,76 (¢, 1H, 20-H), 8,08 (g, 1H, 3(1)-H), 6,37 (nx, 1H, 3(2)-H-mparc), 6,16 (g, 1H, 3(2)-H-
yuc), 5,37 (m, 1H, 15(1)-CH), 5,26 (1, 1H, 15(1)-CH’), 4,47 (mn, 1H, 18-H), 4,42 (1, 1H, 17-H),
4,28 (¢, 3H, 13-COOCHs), 3,84 - 3,76 (nanoxenue M + ¢, cymm. 5H, 8(1)-CH,, 15(3)-CHs),
3,66 (c, 3H, 12(1)-CHs), 3,60 (¢, 3H, 17(4)-CHs), 3,49 (c, 3H, 2(1)-CHs), 3,32 (¢, 3H, 7(1)-CHs),
2,58 (m, 1H) 1 2,22 (M, 2H): 17(1)-CHa,, 17(2)-CHa; 1,80-1,71 (manoxxenue i + T + M, cymm. 7H,
8(2)-CHs, 18(1)-CHs, 17-CH,), -1,28 (¢, 1H, 21-NH), -1,44 (c, 1H, 23-NH).
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ISUCT MALDI TOF MB
Vatrix. DHB
Data: 1-DHB0001.A19(c] 14 Jul 2023 1231 Cal: tof 15 Qct 2014 13:33

Shimedau Biotech Axima Canfidence 2.9.3.20110624: Mode Reflectron, Poner: 67, Blarnked, P.Ext. @600 (bin 58)
%drt. 86 mV Profile 21
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Puc. 2. Macc-cnextp 13,15,17-TpumernnoBoro a¢upa XI0puHa €

CrefilyeT OTMETUTD, YTO B KadecTBe IOOOYHBIX IIPOJYKTOB B CIIEHOBBIX KOTMYECTBAX
00pasyIoTCs TaK)Ke MOHO- M IUIMETV/IOBBIIT 9QMPBI X/IOPMHA €6, YTO CTIeAyeT U3 JaHHBIX Macc-
criektpoMmetpuu (M = 612 n 625 coorBeTcTBeHHO) (puc. 3). OHU MOTYT OBITH JIETKO OTHE/ICHBI

xpomMaTorpaduueckyt (BBIMBIBAIOTCSI C KOJIOHKM JIUIIb BBICOKMMIU KOHI[EHTPALVMSIMU METAHOIA
BIUIOTH 10 100%).

Data: 3-DHB0001.C19[c] 14 Jul 2023 1234 Cdl: tof 15 Cct 2014 13:33
Shimedau Bictech Axima Corfidence 2.9.3.20110624: Mode Reflectron, Poner: 79, Blarked, P.Ext. @600 (bin 58)
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Puc. 3. Macc-crieKTp cMecu MOHO- ¥ AUMETUIOBOTO 3(MPOB XJIOPIMHA €6

3. Cuntes 17-kapbokcnu-13,15-1umMeTnoBoro adgupa XI0prHa €.

HzC: HC H3

HzC: HC H3

H;C CH, CH,

CH,O0H/KOH

TT®
CH,
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®eodopbup a (59,4 mr, 0,1 Mmonb) ObUT pacTBOpEH B 4 M TeTparuppodypaHa,
ruppokcup kams (145,9 mr, 2,6 MMonb) — B 6 M MeTaHosa. PactBop miénoun 6b1 ob6aBieH
K pactBopy ¢deodopbupa. IlomydeHHDIT pe3yIbTUPYIOWIMIT pPacTBOP (3eI€HOTO IiBeTa)
ObIT pa3baBjieH BORON M HEMTpanu30BaH PacUY€THBIM KOIMYECTBOM pas3OaBIeHHO COSIHOM
kucrnors! (0,2 M konu. HCl B 20 My Bogier). [Ipy 9TOM IponcxXonuio Bolafie e OKpalleHHOTO
0cajKa, KOTOpBIl OblT OTGUIBTPOBAaH Ha OyMaKHOM (UIbTpe, BBICYLIEH IPU KOMHATHOM
TeMIIepaType ¥ MOABEPrHYT KOJIOHOYHOJ XpoMaTorpadui Ha CYJIVKaresie ¢ YICIIOTb30BaHIeM
cMecy x1opodopM — MeTaHOII (2% 06.) B kadecTBe amoeHTa. [TepBas ¢ppaxums 3enéHoro nsera
IpeficTaBIIsAeT OO0 1je/IeBOTL IIPOAYKT, YTO MOATBEPKAAETCS JAHHBIMU MacC-CIIEKTPOMETPUI
M = 626,1 (puc. 4) u 'H-AIMP.

17-Kap6okcu-13,15-guMeTnnoBbIil 3pUp XIOpUHA €. TEMHO-3€I€HBII HOPOLIOK.
Boixop 21,1 mr (34%). 'H-AIMP (500 MI'y, CDCL) §, m.z.: 9,71 (¢, 1H, 10-H), 9,58 (¢, 1H, 5-H),
8,77 (¢, 1H, 20-H), 8,08 (nm, 1H, 3(1)-H), 6,37 (nn, 1H, 3(2)-H-mpanc), 6,16 (nx, 1H, 3(2)-H-
yuc), 5,34 (m, 1H, 15(1)-CH), 5,28 (n, 1H, 15(1)-CH’), 4,46 (nano>xenue 1 + az, cymm. 2H, 18 H,
17-H), 4,26 (c, 3H, 13-COOCHS), 3,80 (x8., 2H, 8(1)-CH,), 3,76 (c, 3H, 15(3)-CH,), 3,59 (c, 3H,
12(1)-CHs), 3,49 (¢, 3H, 2(1)-CHs), 3,31 (¢, 3H, 7(1)-CHs), 2,62 u 2,22 (06a — M, cymm. 4H,
17(1)-CHa,, 17(2)-CHs), 1,77 (n, 3H, 8(2)-CHs), 1,73 (1, 3H, 18(1)-CHs), -1,45 (¢, 1H, 23-NH).

ISUCTMALDI TOF VB

Vatrix. DHB

Data: 2-DHB-0001.N16[c] 18 Aug 2023 16:22 Cdl: tof 15 Qct 2014 13:33

Shimedau Biotech Axima Confidence 2.9.3.20110624: Mbde Reflectron, Power: 101, Barked, P.Ext. @800 (bin 58)
Ydrt. 201 mV Prfile 44

Yrt. 83 mMsume= 3637 mV] Profiles 1-44 Smocth Av 5 -Baseline 20

B 5 8 858

5785 6404
137 ApS 7826

10 20 an 4 50 &0 70 &0 an 1000
niz

Puc. 4. Macc-criextp 17-kap6okcnu-13,15-umMeTinioBoro sdupa XIopuHa e

B xadecTBe MO60OYHOTO IPOAYKTa 00pa3yeTcsi TaK)Ke MOHOMETVIOBBIN 3Up X/IOpUHA €6
(M = 612), BBIMBbIBa€MBIN C KOJTOHKM (COBMECTHO C OCTATOYHBIMM KOIMYECTBAMMU LI€JIEBOTO

IpofyKTa) cMecblo xmopodopm - MeraHon (1:1 00.), 4TO BUJHO IO HAHHBIM Macc-

criekTpoMetpuiu (puc. 5).
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ISUCTMALDI TOF VB

Metrix: DHB

Data: 4-DHB-0001.P16(c] 18 Aug 2023 16:25 Cdl: tof 15 Oct 2014 13:33

Shimedzu Biatech Axima Corfidence 2.9.3.20110624: Mode Reflectron, Poner: 95, Blanked, P.Ext. @800 (bin 58)
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Puc. 5. Macc-criekTp mo60ouHoI ¢pakuuy Ipy cuHtese 17-kapbokcu-13,15-1uMeTnnoBoro sdupa XI0puHa €

4. CuHTe3 X7I0puHa e U3 MeTuideodopbua a.

HzC: HC CH3

HzC: HC CH3
H;C CH,—CH; H;C CH,—CH;,
a) KOH, TT® -H,0, £ 1,54
H >
3C CH, 6) HC1 H,;C o
3
H H H .
Hz? EH =0 Hz(‘j CH, COOH
|
Hz(‘? OOCH;, H,C COOH
H;COOC HOOC

Merundeodopbup a (121,6 mr, 0,2 MMoIb) ObIT pacTBOpEH B 10 M TeTparuzapodypana,
ruppokcnp kamus (3,36 r, 60 Mmonb) — B 10 My Bopbl. PactBop ménounm 6bU1 moGaBieH
K PaCTBOPY MaKpOIIMK/INYECKOTO COefVHeHus. PeakIioHHas cMechb ObUIa IIOfIBEPrHYyTa
KUTISTYEHNIO C OOpaTHBIM XOIOAV/IbHUKOM B TedeHue 1,5 4, 0 OCThIBaHUY pa3baBjieHa BOLON
U HeliTpanmuszoBaHa pasbaBreHHoi comsaHON KucmoTon (5 Mim HClw, B 50 Mm BopbI).
BrimaBimmii ocafox ObUT OTGMIBTPOBAH ¥ BBICYIIEH NPM KOMHATHON TemIepaType. Bpuia
IpOBeleHa KOJIOHOYHas XpoMmarorpadus IOAYYEeHHOIO IIPOAYKTAa HAa  CUJIMKarese
C UICTIO/Ib30BaHNMEM CMecell «X70podOopM — MeTaHO/» B KadeCTBe IJII0OEHTA. XJIOPUH €
9NMIONPYETCsL C KOJIOHKM B INMPOKOM JMialla30He KOHIIEHTpalMil MeTaHO/Na B XI0podopme,
HO OCHOBHOE €r0 KOJIMYeCTBO BBIMBIBAETCA CMecblo xmopodopm - Meranon 1:1 06.
(Ipy MEeHBIINX KOHIIEHTPAIMAX MeTAaHOJIAa BBIMBIBAIOTCS IPEVMMYIIECTBEHHO ITOOOYHBIE
npopyKTel). [laske Imocme IpoBefieHMS KOJIOHOYHON XpoMmaTorpaduy XJIOpUMH € BCE JKe

COZIEP>KUT HEKOTOPOe KOMYECTBO IIPUMecell; BBIXOJ] TAKOTO «ChIPOTO» XJIOPUHA €5 COCTaBUII
29,9 mr (25%).
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5. CuHre3 x710puHa €6 u3 13,15,17-TpuMeTnioBoro adgupa XI0pnHa €.

HzC: HC CH3 H2C: HC CH3
H,C CH, CH; HsC CH, CH;
a)KOH, TT® - H,0, £, 3 1
H,C 6) HCI HLC
CH; 3 CH;
H H H
H,C CH, COOCH, ¢ M cn, coon
H,C COOCH,8 H,C COOH
H;COO0 HOO

13,15,17-Tpumernnosslit a¢up xmopuHa es (192,0 mr, 0,3 MMOIb) ObIT pacTBOPEH B 15 M1
TeTparuapodypaHa, rugpokcuy kams (5,04 r, 90 Mmmonb) - B 15 Mt Bopbl. PactBop ménoun
ObUT 0OAaBNIEH K PacTBOPY MaKpOLVKINYECKOTO coefuHeHusA. PeakimoHHas cMech Obllia
IOfIBEPTHyTa KMUIIAYEHUIO C OOpaTHBIM XOJOAVIBHMKOM B TedeHMe 3 4, IO OCTBIBAHUY
pasbaBieHa BOHON M HelTpanusoBaHa pasbaBneHHOV comsgsHON Kucnoroit (7,5 M HCliowy
B75wmn Bopmpl). BemmaBmmii ocajok ObI OTGMIBTPOBAH M BBICYNIEH HpM KOMHATHOM
TeMmieparype. Dbblla IpoBefieHa KOJIOHOYHAs XpoMmarorpadus IONTy4eHHOTO IIPORYKTa
Ha CU/IMKaresie C JVICIIOJIb30BaHMEM cMecell «XIopodopM — MeTaHO» B KadeCTBe I/IIOCHTA.
OCHOBHO€e KOJMYECTBO XJIOPMHA €; ObIIO 3JII0OMPOBAHO C KOJIOHKM CMeChI0 XI0podopM —

MeTaHOT 1:1 06.; BBIXOZ «ChIporo» xjaopuHa cocrasmt 19,0 mr (10,6%).
Pe3ynbprarhl 1 uX 06CyKaeHIe

MeTtopuka ruposy3sa cI0>KHOI(UPHOI IPYIIIBI B TOJIOXKeHUN 17 (B cucTeMe alleToH —
comsfHass Kucnora 10:2 06., 24 4 mepeMellVMBaHMsA IIpM KOMHATHOJ TeMIlepaType)
IIepBOHAYA/IbHO JICIIONb30BAIACh [ CUHTe3a 17-MOHOKapOOKCUIIPOM3BOAHBIX 13-aMumoB
15-MOHOMETM/IOBBIX ~ 3QUPOB  XJIOpPUMHA € U3  COOTBETCTBYWOIIMX  13-ammpaoB
15,17-guMeTnoBbIX 3pUpOB XIopuHa e [28]. Takke n3BecTeH MOAMPUIIMPOBAHHBI BApUAHT
3TOV METOAMKY — COOTHOILIEHNE al[eTOH — COIsTHAst KMCIoTa 3:2 06., BpeMs IlepeMeIlBaHus —
3 4 (mpy KOMHaTHO TeMneparype) [29]. Ob6a BapuaHTa JalOT B KaueCTBe OCHOBHOTO IIPOAIYKTA
JIMEHHO 17-MOHOKapOOKCUIIPOM3BOZHBIE, He 3aTparuBas 15-CIOXKHOI(UPHYI TpymIry
u 9K30UMKI (B ciayyae ¢pop6mHOB), uTo BuAHO 1o maHHbIM 'H-IMP. Opnako yBenmueHue
BpeMEH! MpoBeleHNsA MOAMUINMPOBAHHOTO BapyaHTa METOAVIKM JO 4 Y IIpUBOANT
K YaCTUYHOMY PacKpBITUIO 3K30LMKIA B MOjIeKyne MeTuwideodopbuma a HeCMOTps Ha TO,
YTO OCHOBHBIM IIPOAYKTOM peakiuy Bcé xe ocraércsa ¢eodopbup a. Cam deodopbup a
B CXO>KMX YCTIOBMSX (alleTOH — comsiHast KucmoTa 1:1 06., 5 4 mepemMeBanus Ipy KOMHATHON
TeMIlepaType) TakKe 00pasyeT XJIOPMHOBbIE IIPOM3BOJIHBIE B C/IEJOBBIX KOJIMYECTBAX, OLHAKO,
BOIIPEK!M TEOPETUYECKNM OXVUJaHMAM, MeTundgeodopOus a BCTymaeT B peakiyio IO STOMY
HaIlpaBJIeHNIO HECKOJIBKO Jierde (XOTs AB/AeTCs O0jiee 37IeKTPOHOHACHIIEHHBIM COeITHEHIIEM

IO CPaBHEHMIO € cOOCTBEeHHO (peodopOumoM 1 cofep>XUT O0IbIIe CI0>KHO3(VPHBIX TPYIIII).
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[TpuHnVNManbHash BO3MOXKHOCTb PACKpBITUS (HOPOMHOBOTO 9K30LMK/IA JJaKe TaKUM
cmabbIM HyKIeopuIoM, KaK BOJja, HABOJUT Ha MBICTb O OosbIelt 3¢ GeKTMBHOCTY Ipoliecca
IpY MCIO/Mb30BaHMM Oojee CWIBHBIX HykaeopwnoB. ITostomy Hamm ObUta IIpeAnpyMHATA
HOIBITKA IIPOBEEHN PAaCKPBITHS 9K301MIK/Ia B MOIeKysie MeTuideodopbusa a mpu oMo
pacTBopa IMENIoun — IMAPOKCHU A Kamis — B MeTaHoJIe. [Ipyu 3ToM omyckanach 1 BOSMOXKHOCTb
OZHOBPEMEHHOTO TMAPOIN3a CI0XKHO3pUpHBIX rpymnn. OpHako cam Metwiadpeodopbupn a
B METAQHOJIE PAcTBOPMM OYEHb IUIOXO, IIOSTOMY B PEAKIVIOHHYI0 CMeChb JyIs IIOBBILIEHVS
pacTBOpMMOCTM ObUI [00aB/IeH MHEPTHBII IO OTHOLIEHMIO K IeJIoYaM OpraHMYeCKMil
pactBoputens — terparuppodypan (TTD). [Ipu nepexome merundeodopbupa a B pacTBOp
peaKkIMOHHAasA cMechb IpuobOpeTana fApKO-3e/M€HYI OKpacKy, YTO CBUAETEIbCTBOBATIO
0 pacKkpbITuM 9k3onukaa. TCX NIpofyKTa, BBbIGETEHHOTO 3KCTpaKluell, AeMOHCTPMpPOBaIa
B KayeCTBe OCHOBHOTO IIPOAIYKTa HEIIO/IAPHYI0 QPAKIMIO IPKO-3€/IEHOTO 1IBETA, BUTAIOIYIOCS
¢ GpPOHTOM pacTBOPUTENA Y>Ke IPU MMHUMAIbHBIX KOHIeHTpauusax Meranona (0,5-1% 06.)
B CMeCSIX €ro ¢ X/I0poOopMOM, MCIIO/Nb30BAaBIINXCA B KadecTBe IMIOEHTA. B cmydae make
MOHOKapOOKCU/IBHBIX IPOM3BOAHBIX MOIPHOCTh IMPOAYKTA JNO/DKHA ObUTa OBl OBITH OOJiee
BBICOKOJ1, YTO KOCBEHHO CBMJIETETbCTBOBAJIO B IIO/Ib3y 00pa3soOBaHNA TPUMETUIOBOTO dupa
XJIOpYHA €. BrocnmencTBum obpasoBaHMe TPMMETMIOBOTO 3dupa XIOpUHA € ObIIO
HNOATBEP>KAEHO HaHHBIMU Macc-crnekTpoMerpun u 'H-AMP. B cnexrpe 'H-AMP mpopykra
B CDCl; ucyesaer curHan npoToHa GopOMHOBOTO 9K30LMK/IA NPpYU 6,28 M.J. ¥ HOSBIAETCS
CUTHJI IOTIOTHUTE/IbHOM MeTWIbHOI Trpynmsl npu 4,28 m.a. T'upponns xe cmoxHo3bUPHBIX
rpynm Tpebyer 6onee >KECTKMX ycmoBuil (6ojee 3HaUMTeNIbHbIE M3OBITKY IENIOYN, HAMNYMe
BOJIBI B PAcTBOpe, MOBBIIIEHHAs TeMIlepaTypa), HO OCIOXKHAETCS IPOTeKaHMeM II0OO0YHBIX
IpoLeccoB (B 4YaCTHOCTM, IeKapOOKCUIMPOBaHMEM 00Pa3yIoIIerocs XIOpIHa €).

Oxwupanocs, yto 13,15,17-TpuMeTnnOBBIT 3QUpP X/IOPMHA €5 OKaXeTcsa Hambosee
YBOOHBIM TIpeIIeCTBEHHUKOM CBOOOIHOTO XJIOpPMHA €6 (B BUJE TPUKUCIOTHI), TOCKOIBKY
COZIEp>)KUT TpM O4YeHb O/NM3KMe IO XMMUYECKON aKTMBHOCTM CIO0>KHO3(UpPHbIE TPYIIILL,
KOTOpble [O/DKHBI IOABEPraTbcs IMAPOIM3Y B IPAKTMUYECKM OJMHAKOBBIX YC/IOBMAX
(B ormmume oT GOPOMHOB, COAEPIKAIUX PAa3/IMYHble peaKLMIOHHBIE IIEHTPhl — KaK MUHVMYM,
9K30LMKII U CIOKHO3UPHYI0 rpymy). OfHaKO Ha IMPaKTUKe 0Ka3alnoCh, YTO MpY OOJIbIIEM
BpeMeHM IIpOBefieHMs Ipoljecca ruppommsa (3 4 mo cpaBHeHMoO ¢ 1,5 4 B ciaydae
Metmndeopopbuna a) TpUMETUIOBBI 9(pUp X/IOpMHA €; HA€T MEHBIINI BBIXOJ I[€/1eBOTO
IPOAYKTa (XIOpuHA €s) M Oojblilee KOMMYECTBO IMOOOYHBIX IIPOAYKTOB IIO CPaBHEHUIO
¢ MetundeopopOumoOM a, 4TO BUJHO 13 JAaHHBIX Macc-cekTpomerpun (puc. 6). Kpome Toro,
XJIOpPUH €¢ HaXke II0C/Ie IIPOBefieHMs KOJTOHOYHOI XpoMmarorpaduy BCE >Ke COAEepP>KNUT
HEKOTOpOe KOIMYECTBO IIpUMeceii ¥ TpeOyeT HOIOMTHITETbHO OUMCTKHA.

ITpn ucnonb3oBanuy n36biTka NaNO, B cMecu npeobiajjaeT MPOAYKT C MOJIEKY/IAPHON
Maccoii, coorBeTcTByonieli n3oMepHbIM NO,- nm ONO-1npon3sBofHbIM; IPY MCIIOTb30BAHNY
CTeXMOMETPUYECKOTO KOMYEeCTBa HMUTPUTA B CMECH OCTAETCA 3HAYMTE/IbHOE KOIMYECTBO
He BCTYIMBIIETO B PeaKIMIO MCXOJHOTO aMI/Ia, COJePIKaIlleTo B Ka4eCTBe IPUMeCH ITPOYKTHI

20-3aMeleHNA B MaKPOLIMKIIE.
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®pakuus 1 (CHCL; - 20% 06. MeOH) ®pakius 2 (CHCL; - 50% 06. MeOH)
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Puc. 6. Macc-crieKTpsl OCHOBHBIX (DPAKIIUiL, IIOTTyI€HHBIX B XOJi€ I[e/IOYHOr0 TUAponnsa Metuiadeopopbupa a
u 13,15,17-TpUMeTUIOBOTO 3(Mpa XITOPVHA € ITUIPOKCUIOM Kalus B CHCTEMe «TeTparuipodypan»

[Tocnemuuit BBIBOX cefyeT U3 JaHHBIX cnekTpockommyu 'H-AMP: curnamer Bcex
IIpOTOHOB, KpoMe 20-H, monydarorca pacilelniéHHbIMU, INPUYEM Ma>KOPHbIE CHUTHAJIBI
COOTBETCTBYIOT MCXOJHOMY aMHAly XJIOpMHa €s. IlockonmbKy mpopykTel 20-3aMenieHus He

cofiepKaT IPOTOHA B YKa3aHHOM IOJIOKeHNM MAaKpOLIMKIIA, TO He JAIoT CUTHaja B crekTpe 'H-
SAMP.

BriBoabl

BbI10 IposeMOHCTpUPOBaHO, YTO (POPOVHOBBIN K30IMKII CIOCOOEH PacKpbIBaTbCs He
TonbKo cunbHbIMM O- m N-Hykneopwriamu, HO ¥ TaKUMM OTHOCUTENTBHO CIAaOBIMU
O-Hyk/Ieodumamn, Kak COMPTHI U Jaxke Bofa. VI3ydeHsl YClIoBMs 06pa3oBaHMsi XJIOPUHA € U
ero MeTWIOBBIX 3¢upoB Ipu 06paboTke (GOPOMHOB TUAPOKCUIOM Kaaus B Pa3IMIHBIX
ycnoBusAX. PaccMOTpeHbI BO3MOXKHBIE a/IbT€PHATVMBHBIE METOABI IIONMYYEHMs U OYMCTKA
CBOOOJIHOTO XJIOpYHA 6.
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HyKﬂeo¢wszoe 3ameuierHue

T nuTHpoOBaHMA:
Casnna JL.J., Cokonos A.A. CunTe3 N-3aMelleHHbIX FeTePOLMKIOB B FepMeTMYHOM peakTope Monowave 50 // Om
Xumuu K mexonoeuu wiae 3a wiazom. 2023. T. 4, Boim. 4. C. 82-88. URL: http://chemintech.ru/index.php/tor/2023-4-4

BBengenue

Asorcofieprkalye TreTepOLMKIIbI ABJIIOTCS MOTE3HBIMY CTPOUTEIbHBIMY OTOKaMM JIs
HOTy4eHNsI OMONTOTMYeCKM AaKTUMBHBIX MOJMEKyl Tak, apoMarmdeckoe HyKIeo(pUIbHOE
3aMellleH1e B 2-XJIOPHUTPOOEH30/Ie aTOMa ra/loTeHa Ha a3areTepoLMKIdecKue GpparMeHThl ¢
fasipHeliIet GYHKIMOHAIM3ALyell IPUBOAUT K IPOYKTaM, 00/TafaloLIM IPOTYBOBUPYCHO
[1], mpoTuBOpakoBoii [2], mpoTHBOrpMOKOBOIT aAKTUBHOCTHIO [3]. AHa/TOrMYHbIe peakiuu SyAr
B 2,4-puxnop-1,5-IMHUTPOOEH30/Ie TO3BOMAIT IOTYYUTb BellleCcTBa C VHIMOMPYIOLIei
IPOTOHHYIO IOMITY (I/If IOFABJIEHUs CeKpelVM >XeTyJOYHOM KUCIOTHI) [4] aKTMBHOCTBIO,
npoTUBOpaKkoBoit  [5],  aHTMOakTepmanpHOM  [6], TpoTMBOTYOepkymesHoit  [7-9],
npoTtuBoBupycHON [10], akTuBMpytomieit MoHHbIe KaHanbl KCNQ (ms mevenns snmnencun u
psfa apyrux 3aboneBaHmiT) akTMBHOCTBIO [11].

OpHoll M3 3afad COBPEMEHHON XUMWM SABIIAETCSA COKpAllleH)e BpeMeHV CUHTe3a
HeoOXOAVMMBIX BeIleCTB, YTO 9KOHOMMNT BpeMs I YBEeIMUNMBAET IPOV3BOANTEIBHOCTD CHHTE3A.
OpHMM 13 CHOCOOOB YCKOpeHMsS peakuuii SyAr — 9TO MX IpOBefeHMe INpY HaINuuu
M30BITOYHOTO IaBJIeHNS B peak[MOHHOI cpefie [12-15].

Llenpio pmaHHOM paboOTBI  ABIAETCA  pa3paboTKa METOAUKM  apOMATUYECKOro
HYK/IeOQM/IPHOTO 3aMelleHNsl 2-XIOpHUTpobeH3oma ¥ 2,4-auxyiop-1,5-auHnTpobeH3ona
C a30TCOfIep>KAIIMMM  TeTepPOLMKIaMII B YCIOBMAX TePMETMYHO 3aKPBITOTO peaKkTopa-
aBTOKJ/IaBa.

© JI. U1. CaBuHa, A. A. Cokosos, 2023
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OcHoBHasA YacTh

[l mpoBemeHns peakiuil SxAr ncnonb3osam Monowave 50 (puc. 1). 9To Ipo4HbI I
6e30IacHbIiT Ta00PaTOPHBII peaKTOp I/IA CMHTe3a B TePMETHYHBIX COCYZlaX IIPM TeMIepaType
no 250 °C u pasnenuu o 20 6ap [16]. B peakrope yucronb3yercs KOHAYKTUBHBIN Harpes
repMeTHYHOTO CTeK/ITHHOTO COCYZa Yepe3 HarpeBaTeIbHYI0 PyOallKy 13 HepyKaBeIollell CTaln
U OH/IAIH-MOHUTOPVHI TeMIIepaTypbl ¥ [aBjeHWs B [OIOJHEHME K MAarHUTHOMY
IepeMeNBaHNI0. PeakTop II03BOJAET IIPOBECTVM CUHTe3 B HECKOIBKO pa3 ObIcTpee,
yeM TpaJyIVIOHHbIe YCTAHOBKY C HarpeBaTe/IbHbIMU ITACTVHAMU 1 MelllaTIKaMMI.

B kadecTBe  MOfEIBHOTO  HyKlIeomnaa  MCIONb30OBamM  NUPUAMH.  IDTOT
a3areTepoOLMKINYIeCKMiT (pParMeHT YacTO BCTPEYaeTCsA B CUHTE3VMPYEMBIX COeAVHEHMAX
[17 18], a ob6pasyrowuiyecst COMY MUPUAVHNS CIyXaT CyOCTpaTaMy i BHYTPUMOJIEKY/IPHON
UKIM3anyy ¢ GopMupoBaHueM KOHJEHCUPOBaHHbIX cucteM [19-20].

[Mupuaua n 2-xnopHutpobeHson (1)
IoMellam B BUALy 13 OOPOCUIMKATHOTO
CTeK/Ma,  [OOABILAMM  pacTBOPUTENIb  —
00€3BOXEHHBIII Aal[eTOH. Buanmy sakpbiBamm
CUJIMKOHOBBIM KOJIIIAYKOM C ITPOK/IAJKOIL,
MOMeEIIA/IN B PeaKTOP U 3aKPbIBAIM KPBILIKY.
Hanee BKJTIOYA/IN nepeMelIBaHue
n HarpeBamm o 60 °C B TeyeHme 2 4YacoB.
OpHako MOMYYNUTD MPOAYKT B 3TUX YCTIOBMAX
He ypamoch. [lna  cuHTesa  xymopupaa
1-(2-HuTpodennn)mupuauuus (2) mpoBenn

PAJL OTIBITOB C BapbMPOBaHMEM TeMIIepaTyphl
or 80 °C ¢ marom B 20 °C. Ilpm stom

IIOBBIIIEH)E TEMIIEPATypbl BbIIIE TOYKM
Puc. 1. Peaktop Monowave 50 (Bup criepenm)

KUIIEHMS PACTBOPUTENA CO3[AaBalo  POCT

llaBJIeHNsA BHYTpU peakTopa. Tonbko mposefeHMe cuHTe3a npu 160 °C B TedeHue 2 4acoB
U gaBneHny oT 8 (Havyanmo sKcrepyuMeHTa) o 18 aTmocdep (OKOHUaHME IKCIEPUMEHTA)
IPMBETO K BBIICICHNIO M3 PEAKIMOHHON MAacChl OCAfIKa, KOTOPBIN OTPUIbTPOBBIBAIN U
cyunum. beummm 3ammcansl cnektp 'H SMP u Macc-CekTp BBICOKOTO paspelIeHNs,
COBHIQJIAlOIINE C IPEJIONAraéMbIMU  CIIEKTPAJbHBIMM XapaKTePUCTUMKAMM IPOJYKTa.
ITpoBenieHNe aHATOTMYHON peakiyy SNAr B OTKPBITON KPYITIOLOHHOV KO/IOe mpy KUIIeHUN
nupupnHa (115 °C) rtpeboBanmo Oomee 24 4acoB I IOTYy4YEHUs CPaBHUMOTO BBIXOfiA
¢ npoueccom B Monowave 50.

IIpyrum ucronb3oBaHHBIM HYKIeodumoM 61 MHA0/. OH U3BeCTEeH KaK YHUBEPCaTbHBII
TeTepPOLMKINYECKNIT ~ CTPOMTENbHBII 670K Onarofjaps  CBOel ~ MHOXXeCTBEHHOI
(dbapMaKolIOrMyecKkoil aKTMBHOCTM ¥ YacTO WCIONb3YeTCs IIPY CO3[aHMM KaH[U/IATOB
B JIeKQpCTBEHHbIe Ipemaparhbl [21-22]. Jnsa peakumy BemjecTBa 1 ¢ MHJONIOM B KadyecTBe
pactBopuTens ucnonb3opamm [JM®A, B kauecTBe OCHOBaHMS — KapOOHAT KajIvisl.
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N\

N* Cl- N
+ Monowave 50
DMEF. K,CO;

—_—
160 C, 2h 160C.2h

NO, ~Monowave 50 + NO,
acetone

1 3

ITpoBenenne npouecca SyAr npu 160 °C B TeueHMe 2 9acoB ¥ AaBIeHUN OT 2 (HAYasIo
9KCIepUMeHTa) 1o 5 atMocdep (OKOHYaHMe 9KCIIepUMeHTa) IPUBEJIO K PeaKIIVIOHHO CMeCH,
KOTOPYIO BBUIVBA/IV B BOAY U ITyTeM pubTparyy nonydam 1-(2-uurpodennn)- 1 H-unpon (3).
[l cpaBHeHM S, B OIIBITE B OTKPBITOI TPEXTOPION KO/IOe 3a TO >Ke BpeMs 1]eJIeBOTO BellleCTBa
He 00pas3oBLIBAZIOCH M TIIOC/IE 2 4YacoB OBUIM BBIfIE/ICHBl TOJBKO JVCXONHBIN WHMIOJ
VI TaJIOTEHHUTPOAPEH.

[lanee ObIIO OCyLIeCTBIEHA peaKLMs 3aMellie N B 2,4-uxnop-1,5-iunntpobensone (4),
ropasfo Oojee aKTMBHOM J}3-3a HaIMYMA [BYX aKTMBMPYOIIMX TpymI, cyOcTpare.
[Tpu nombITKe 3aMeljeHMsA 000MX aTOMOB TajloTeHa Ha MVPUAMHOBBI ¢parment npu 60 °C
B aljeToOHe B TedeHye 30 MuH ObUIa IIO/Ny4eHa CMeChb BeIeCTB, COCTOAIIAsA U3 X/IOpUa
1-(5-xmop-2,4-puautpodenn) nupuaans (5) n oxupgaemoro auxnopuga 1,1°-(4,6-guHnTpo-
1,3-dbenunen)-ouc(mmpupunus) (6).

= @ =
Monowave 50 | N N |
cl cl \ acetone \ NS cl \ X
+ —_—
2 | = 60C.0.5h
O,N NO, N O,N NO, OzN NO,

4 5 6

beuto mpoBeneHo M3ydeHMe BIMAHME TEMIIEPATYPbl ¥ BPEMEHM peaKLMM Ha COCTaB
npoAyKTOB. OKa3aloch, 4TO YMCTOE BEIIECTBO 5 MOKHO IOTY4YNUTb IIPY IIPOBEJEHNN OIIbITa HE
Bbile 30 °C, mepemelnBas peakLMOHHYIO cMech 1,5 4aca. [l cuHTe3a ke coefiHeHMA 6
TpeboBanoch HarpeBaHue o 160 °C (maBmeHue B peakTope COCTaB/Is/IO OT 7 Ao 18 atm),
9TO COKpalnano TpebyemMoe BpeMdA fo 15 MuHyT. [laHHBIe TeMIlepaTypa M BpeMs OKa3ajlCh
HNOAXOAAIMMY U JIJIA 3aMellleHNsA o0OMX aTOMOB TajlOTeHOB BelljecTBa 4 Ha WMH/OIbHBbIE
¢parmenTsl. [Ipy aTOM, KaK U B cy4ae 2-X/I0pHUTPOOEH30/1a, pacTBopuTerneM cayx it IM®PA,
a OCHOBaHMEM - KapOOHAT KajMsl.

\

‘ M 50 + Monowave 50
\ Nt + onowave DMF. K, CO3
Cl- - Acetone
160 C,0.25h 160 C. 02511

oN NO,
6

B pesynbraTe IpOBeNEHHBIX OIBITOB ObUIM OTPabOTaHbI METOAVIKM pPeaKIVii SnAr
B aKTVMBMPOBaHHBIX ape€HaX B FTepMETMYHOM peakTope Monowave 50 114 mory4eHns BeLecTB,
cofiep>KallyX MMPYUAVHOBBIN VIV MHAONbHBIN pparMeHT/bl. K JOCTOMHCTBAM IIpe/IOKEeHHOTO
crocoba CMHTe3a OTHOCUTCA KOPOTKOe BpeMsA IIpOLlecca, MUHUMM3VPOBAHHBIN Pacxof
pacTBopuTeneil ¥ SKOHOMMA 3/IeKTpOIHepruy Oarofjaps Majoil IPORO/DKUTENTbHOCTI
peaxkumi.
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SKCHCPI/IMCHTa}IbHa}I qacTh

Temnepatyppl maBneHus omnpenensim Ha npubope PolyTherm A co ckopoctbio
Harpesanus 3 °C/MuH n He Koppektupobamm. CrexTtpsl IMP perncrpuposamm Ha npubope
«Bruker DRX-400» msi pacTBOpoB BellecTB. B kauecTBe 3TajoOHa JIsl OTCUETA XMMMYECKUX
CIOBUTOB JICIIOJIb30BA/IN CUTHA/IBI OCTATOYHBIX IPOTOHOB pactBopurend B IMP 'H (IMCO
02.50 m.i. wmm xmopodopm 87.26 M.A.) creKTpax. Macc-CrieKTpbl BBICOKOTO pa3peleHs
sanuceiBanu Ha npubope «BrukermicrOTOF II» (BrukerDaltonics), meron monmsanmm —
anektpopacusiienne (ESI), nmanason ckannposanms macc (m/z 50) 3000 [Ja, mmpuiieBoit BBOJ,
BemectBa. PactBopurens MeCN mmum MeOH, ckopocTh moToKa pacTBOpa — 3 MKJI/MMH.
Temnepatypa nnrepderica 180 °C, ra3 pacnbmnTensd — asor (4.0 1/MuH).

Meroauka cuHTe3a XM0puaa 1-(2-HUTpodeHIT) I PUAVHILA

B crexnauubi ¢rmakon, ob6wvemom 10 M, sarpyxamm 0,33 r (2,1 MMmomb)
2-xnopHutpobensona, 0,18 mn (2,2 mMMonp) mumpupuHa, 6 M/I 00E€3BOXKEHHOTO alleTOHA
Y MarHUTHBIN AKOpb. OIaKOH 3aKpbIBa/M CYIMKOHOBBIM KOJIIIAYKOM ¥ IIOMEIIA/IN B peaKTop
Monowave 50. 3akpbiBanmu KpbIIIKy Ipubopa. Bxaroyanym mepeMelrnBaHNe MarHUTHON
memranky (400 o6oporoB B MuHyTy) U HarpeB B pexume AFAP (HarpeB ¢ MakcuMaabHON
ckopoctbio) mo 160 °C. Ilpm pgocTybKeHUM 3alaHHON TeMIIepaTyphl BBIJEPXKUBAIA CMeCh
120 munyt. [Janee oxnaxpgamu peakrop g0 30 °C, OTKpBIBaIM KPBIIIKY 1 JOCTaBamy (IaKOH.
CHuUMamM C Hero KOJIA4yoK, [OCTaBaly MAarHUTHBIA SKOPb, BBINABIIMII  OCAfOK
OT(GMIBTPOBBIBAIN HOJ BaKyyMOM, IIPOMBIBaM O0€3BOKEHHBIM aIleTOHOM M BBICYIIMBA/IN
B CYLIVIBHOM LIKady.

Xnopup 1-(2-aHutpodenwn)mupupnuus (2). Boxog 0,44 1 (89%). Tun = 247-251 °C.
Cuekrp 'H IMP (IMCO-ds, 6, m.z1., J/Tu): 8.06 (mmm, ] 8.6 ', 7.0 Ty, 1.8 ', 1H, H*), 8.09-8.18
(M, 2H, H>-¢), 8.41 (1, J 8.6 T, 2H, H*>?), 8.55 (nm, J 8.3 'y, 1.4 ', 1H, H?), 8.93 (11, ] 7.9 I',
1.5 I'u, 1H, H*), 9.43 (g, J 6.0 I'ry, 2H, H?%). HRMS: m/z Berancneno C;1HsN,O,"201.0659 [M]*,
HalifgeHo: 201.0651.

Metoauka cuntesa 1-(2-aurpodennn)-1H-ungona

B crexnannbl  ¢makon, ob6wvemom 10 mm, sarpyxamm 0,33 r (2,1 Mmomb)
2-xmopHuTpOobeH3o0mna, 0,26 t (2,2 Mmosb) nHpona, 0,46 T (3,3 MMOJIb) KapboOHaTa Kamus, 6 M1
IM®A y MarHUTHBIN AKOPb. PJIAaKOH 3aKPbIBA/IN CVIMKOHOBBIM KOJIIIAYKOM ¥ IIOMEIA/IN B
peaktop Monowave 50. 3akpblBaju KpbIIKy Ipubopa. Bxmouamnm mepemernnBaHme
MarHuTHOM Memanky (400 o6opoToB B MuHYyTy) M HarpeB B pexxume AFAP mo 160 °C.
IIpn gocTy>KeHun 3alaHHO TeMIIepaTypbl Bblfep>KUBanu cMech 120 MuHyT. Jlanee oxmaxkganmu
peakrop mo 30 °C, OTKpBIBaIM KPBILIKY U focTaBany ¢rakoH. CHUMaMM C HEr0 KOJIIavyoK,
[IOCTaBa/IMi MarHUTHBIN AKOPb, BbUIMBAIM COAEpKMUMOe B cTakaH ¢ 30 M BOAbl. Brimapumit
0CafioK OT(UIBTPOBBIBAIN MOJ BAKYYMOM, IIPOMBIBA/IM BOJO U BBICYIIMBA/IN B CYHMINIBHOM
mkady.

1-(2-Hutpodennn)-1H-unpon (3). Berxop 0,43 r (86%). Tur. = 83-86 °C [23]. Cnextp 'H
SMP (IMCO-ds, 8, m.p., J/T1): 6.74 (5, ] 3.2, 0.8 T'y, 1H), 7.12-7.22 (m, 4H), 7.55-7.62 (M, 2H),
7.67-7.71 (m, 1H), 7.74 (nr, ] 7.8, 1.2 T, 1H), 8.04 (o, J 8.2,1.2 Ty, 1H). HRMS: m1/z BhruucieHo
CisHiN20,"239.0821 [M+H]", naiigeno: 239.0821.
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Metoguka cuHTe3a xmopuga  1-(5-xm0p-2,4-FMHUTPOGEHUT)MUPUAVHNAS U
muxnopupa 1,1’-(4,6-gmanTpo-1,3-pennien)-ouc(mmpuauHmns)

B crexsauHbIit HakoH, o6bemoMm 10 M, sarpyxamn 0,5 r (2,1 mmonb) 2,4-guxnop-1,5-
nuHUTpOoOeH30ma, 0,18 M (2,2 Mmmonb) nupupauHa (A cunTesa 5) wm 0,36 M (4,4 MMOIb)
nupuauHa (it cuHTe3a 6), 6 M 00€3BO’KEHHOTO al[eTOHa M MAarHUTHBIN sAKopb. DmakoH
3aKpbIBa/IM CMIMKOHOBBIM KOJIIAYKOM U IoMewanu B peakTop Monowave 50. 3akpbiBamyu
KpBIIKY mpubopa. Bxmrouanm nepeMemnBaHue MarHuTHoOi Memanku (400 o6opoToB
B MMHYTY) 11 HarpeB B pexxuMe AFAP no 30 °C (ms cunTesa 6) v go 160 °C (a1 cuHTe3a 7).
[Tpy mocTyXKeHMM 3aaHHOI TeMIIePaTyphbl BbIjepXXuBamu cMecb 90 MuHYT (1A cuHTe3a 6)
wm 15 muHyT (11 cuHTesa 7). Ianee oxmaxpaamu peaktop fo 30 °C, OTKpBIBAIM KPBILIKY
u gocraBamu ¢rakoH. CHUMaMM ¢ Hero KOJIAavoK, JOCTaBa/Iyi MarHUTHBIN SKOPb, BbIIaBIINI
0Cajlok OTQWIbTPOBBIBAIM IIOF BaKyyMOM, IIPOMBIBAIM OO0E3BOXKEHHBIM aIleTOHOM
VI BBICYLIVIB/IY B CYLIM/IBHOM LIKaQy.

Xnopup 1-(5-xmop-2,4-guantpodenmn)nupupuansa  (5). Bwxog 0,52 T (79%).
Tun.=162-164 °C. Cuextp 'H AMP (IMCO-ds, 6, m.zi., J/Tu): 8.44 (1, ] 8.5 'y, 2H, H*®),
8.85 (¢, 1H, H°), 8.96 (t, J 8.5 I'u, 1H, H*), 9.32 (¢, 1H, H?), 9.38 (m, J 6.0 I'u, 2H, H**).
HRMS: m/z Berancneno C, H;N;O, 280.0120 [M]*, Haitgeno: 280.0111.

Huxnopug 1,1’-(4,6-guuutpo-1,3-pennnen)-6uc(nmpuannns) (6). Beixon 0,75 r (90%).
Twi> 300 °C. Criextp 'H AMP (IMCO-ds, 6, m.n., J/T1r): 8.52 (t, ] 8.5 ', 4H, H****"), 9.02 (T,
J 8.5 ', 2H, H**"), 9.24 (¢, 1H, H°), 9.44 (¢, 1H, H?), 9.66 (1, ] 5.5 'y, 4H, H?¢2"), HRMS: m/z
Borunciero CisHpN,O4*324.0853 [M]*, Hanpeno: 324.0841.

Mertoauka cunresa 1,1'-(4,6-gunntpo-1,3-¢pennnen)ouc(1 H-uamona)

B crexsauHbIit HakoH, o6bemoMm 10 My, sarpyxam 0,5 r (2,1 mmonb) 2,4-guxnop-1,5-
nauHuUTpobeHsona, 0,52 r (4,4 mmonb) unHpona, 0,92 r (6,6 MMonb) KapboHaTa Kamus, 6 M
IOM®A 1 MarHuTHBIA AKOpb. PJIAKOH 3aKPpbIBAIM CYIMKOHOBBIM KOJIAYKOM ¥ ITOMeIAIn
B peakTop Monowave 50. 3axkpblBamy KpBILKy Ipubopa. Bxmodanum mnepemernnBaHye
MarHuTHON Memanku (400 oboporoB B MuHyTy) u HarpeB B pexxume AFAP pmo 160 °C.
ITpu mocTbKeHMM 3aaHHON TeMIePaTyphl BbIAep >KUBaIM cMech 15 MuHyT. [lanee oxmaxxjanm
peakrop mo 30 °C, OTKpBIBaIM KPBILIKY U focTaBany ¢rakoH. CHUMaMM C HEro KOJIIavyoK,
JOCTaBa/IV MarHUTHBIN AKOPb U BBUIMBAIN COJEPXKMMOe B cTakaH ¢ 30 M1 BOAbl. BhimaBiumii
0CajioK OT(GUIBTPOBBIBAIY IOJ BAKYYMOM, IIPOMBIBA/IV BOJOV M BBICYIIMBAIN B CYHIMIBHOM
mkady.

1,1'-(4,6-dunntpo-1,3-dpernnen)ouc(1H-nugon) (7). Bexox 0,65 1 (78%).
Tun=124-128 °C. Crextp 'H AMP (IMCO-ds, 6, m.1., J/T11): 6.72 (1, ] 8.2 Ty, 2H), 7.20 (m, 4H),
7.55 (m, 4H), 7.84 (¢, 1H), 8.28 (n, J 7.8 T'u, 2H), 8.95 (¢, 1H). HRMS: m/z BbIYMCIEHO
C»HisN,O4" 399.1094 [M+H]*, Haitgeno: 399.1083.

Paboma evimonnena npu dunarcosoti noddepiuke epawma IIpesudenma Poccuiickoti
Dedepayuu 01 20cy0apcmeeHHOl NOO0ePHKY MONOObIX POCCULICKUX YUeHbIX — KAHOUOArmos
Hayk Ne MK-3459.2022.1.3.

86



OT XMMMM K TEXHONOTHH TOM 4, BbINYCK 4, 2023

10.

11.

12.

13.

14.

CnMCcOK ICTOYHIIKOB

Xu H., Liu W.-Q,, Fan L.-L., Chen Y., Yang L.-M., Lv L., Zheng Y.-T. Synthesis and HIV-1 Integrase
Inhibition Activity of some N-Arylindoles // Chem. Pharm. Bull. 2008. Vol. 56, iss. 5. P. 720-722. DOL
10.1248/cpb.56.720. URL: https://www.jstage.jst.go.jp/article/cpb/56/5/56_5_720/_article

Desplat V., Moreau S., Belisle-Fabre S., Thiolat D., Uranga J., Lucas R., de Moor L., Massip S.,
Jarry C., Mossalayi D.M., Sonnet P., Deleris G., Guillon J. Synthesis and evaluation of the
antiproliferative activity of novel isoindolo[2,1-a]quinoxaline and indolo[1,2-a]quinoxaline derivatives //
J. Enzyme Inhib. Med. Chem. 2011. Vol. 26(5). P. 657-667. DOIL 10.3109/14756366.2010.548326.
URL.: https://www.tandfonline.com/doi/full/10.3109/14756366.2010.548326

Xu H., Fan L-L. Antifungal agents. Part 4: Synthesis and antifungal activities of novel indole[1,2-¢]-1,2,4-benzotriazine
derivatives against phytopathogenic fungi in vitro // Eur. J. Med. Chem. 2011. Vol. 46(1). P. 364-369.
DOI: 10.1016/j.ejmech.2010.10.022. URL: https://www.sciencedirect.com/science/article/abs/pii/S0223523410007622
Yan Y, Liu Z., Zhang J., Xu R., Hu X,, Liu G. A reverse method for diversity introduction of benzimidazole
to synthesize H*/K*-ATP enzyme inhibitors // Bioorganic Med. Chem. Lett. 2011. Vol. 21(14). P. 4189-4192.
DOI: 10.1016/j.bmcl.2011.05.080. URL: https://www.sciencedirect.com/science/article/pii/S0960894X11007098
Tokay E., Giingér T., Hacioglu N., Onder F.C., Giilhan U.G., Tok T.T., Celik A., Ay M., Ko¢kar F.
Prodrugs for nitroreductase-based cancer therapy-3: Antitumor activity of the novel dinitroaniline
prodrugs/Ssap-NtrB enzyme suicide gene system: Synthesis, in vitro and in silico evaluation in prostate
cancer // Eur. J. Med. Chem. 2020. Vol. 187. P. 111937-111957. DOI: 10.1016/j.ejmech.2019.111937.
URL: https://www.sciencedirect.com/science/article/pii/S022352341931089X

Kumar K., Awasthi D., Lee S.-Y., Cummings J.E., Knudson S.E., Slayden R.A., Ojima I. Benzimidazole-based
antibacterial agents against // Francisella tularensis // Bioorganic Med. Chem. 2013. Vol. 21, iss. 11. P. 3318-3326.
DOI: 10.1016/j.bmc.2013.02.059. URL: https://www.sciencedirect.com/science/article/pii/S0968089613002605
Kumar K., Awasthi D., Lee S.-Y., Zanardi I., Ruzsicska B., Knudson S., Tonge P.J., Slayden R.A,,
Ojima I. Novel Trisubstituted Benzimidazoles, Targeting Mtb FtsZ, as a New Class of Antitubercular
Agents // J. Med. Chem. 2011. Vol. 54(1). P. 374-381. DOI: 10.1021/jm1012006.
URL: https://pubs.acs.org/doi/10.1021/jm1012006

Awasthi D., Kumar K., Knudson S., Slayden R.A., Ojima I. SAR Studies on TrisubstitutedBenzimidazoles as
Inhibitors of Mtb FtsZ for the Development of Novel Antitubercular Agents// J. Med. Chem. 2013. Vol. 56(23).
P. 9756-9770. DOI: 10.1021/jm401468w. URL: https://pubs.acs.org/doi/10.1021/jm401468w

Gong Y., Karakaya S.S., Guo X., Zheng P., Gold B., Ma Y., Little D., Roberts J., Warrier T.,
Jiang X., Pingle M., Nathan C.F., Liu G. Benzimidazole-based compounds kill Mycobacterium tuberculosis //
Eur. J. Med. Chem. 2014. Vol. 75. P. 336-353. DOI: 10.1016/j.ejmech.2014.01.039.
URL: https://www.sciencedirect.com/science/article/pii/S0223523414000853

Zhong Q.-F., Liu R,, Liu G. Structure-activity relationship studies on quinoxalin-2(1H)-one derivatives containing
thiazol-2-amine against hepatitis C virus leading to the discovery of BH6870 // Mol. Divers. 2015. Vol. 19(4).
P. 829-853. DOLI: 10.1007/s11030-015-9610-6. URL: https://link.springer.com/article/10.1007/s11030-015-9610-6
Patent N 2011/0257146 Al US. Method of treating KCNQ related disorders using organozinc compounds /
Li M., Sun H,, Xiong Q. Publ. 2011. URL: https://patents.google.com/patent/US20110257146A1/en

Ibata T., Isogami Y., Toyoda J. Aromatic Nucleophilic Substitution of Halobenzenes with Amines
under High Pressure // Bull. Chem. Soc. Jpn. 1991. Vol. 64(1). P. 42-49. DOI: 10.1246/bcsj.64.42.
URL: https://www.journal.csj.jp/d0i/10.1246/bcsj.64.42

Lengyel L., Gyéllai V., Nagy T., Dormén G., Terleczky P., Hida V., Négradi K., Sebdk F., Urge L., Darvas F.
Stepwise aromatic nucleophilic substitution in continuous flow. Synthesis of an unsymmetrically substituted
3,5-diamino-benzonitrile library // Mol. Divers. 2011. Vol. 15(3). P. 631-638. DOI: 10.1007/s11030-010-9300-3.
URL: https://link.springer.com/article/10.1007/s11030-010-9300-3

Petersen T.P., Larsen A.F., Ritzen A., Ulven T. Continuous Flow Nucleophilic Aromatic Substitution with
Dimethylamine Generated in Situ by Decomposition of DMF // J. Org. Chem. 2013. Vol. 78(8). P. 4190-4195.
DOI: 10.1021/j0400390t. URL: https://pubs.acs.org/doi/10.1021/jo400390t

87


https://www.tandfonline.com/doi/full/10.3109/14756366.2010.548326
https://www.sciencedirect.com/science/article/abs/pii/S0223523410007622
https://www.sciencedirect.com/science/article/pii/S0960894X11007098
https://www.sciencedirect.com/science/article/pii/S022352341931089X
https://www.sciencedirect.com/science/article/pii/S0968089613002605
https://pubs.acs.org/doi/10.1021/jm1012006
https://pubs.acs.org/doi/10.1021/jm401468w
https://link.springer.com/article/10.1007/s11030-015-9610-6
https://patents.google.com/patent/US20110257146A1/en
https://link.springer.com/article/10.1007/s11030-010-9300-3
https://pubs.acs.org/doi/10.1021/jo400390t

OT XMMMM K TEXHONOTHH TOM 4, BbINYCK 4, 2023

15.

16.

17.

18.

19.

20.

21.

22.

23.

Kocienski P. Conductively Heated Sealed-Vessel Reactor: Synthesis of Olanzapine // Synfacts.
2017.  Vol. 13(03). P. 0231. DOI  10.1055/s-0036-1590077. URL:  https://www.thieme-
connect.com/products/ejournals/abstract/10.1055/s-0036-1590077

Synthesis reactor: Monowave 50 // Anton Paar: [site]. URL: https://www.anton-paar.com/corp-
en/products/details/synthesis-reactor-monowave-50/

Abramov 1.G., Baklagin V.L., Makarova E.S., Kleikova D.E. Nitrogen-containing heterocyclic O-,
and S-nucleophiles in reactions with 4-nitrophthalonitrile and 4-bromo-5-nitrophthalonitrile //
From Chemistry Towards Technology Step-By-Step. 2021. Vol. 2, no. 4. P. 93-99.
DOI: 10.52957/27821900_2021_04_93. URL: http://chemintech.ru/index.php/tor/2021-2-4

Vitaku E., Smith D.T., Njardarson J.T. Analysis of the Structural Diversity, Substitution Patterns, and
Frequency of Nitrogen Heterocycles among U.S. FDA Approved Pharmaceuticals // J. Med. Chem. 2014.
Vol. 57, iss. 24. P. 10257-10274. DOI: 10.1021/jm501100b. URL: https://pubs.acs.org/doi/10.1021/jm501100b
Begunov R.S., Sokolov A.A., Filimonov S.I. Synthesis of Quinone Derivatives of Benzannelated Heterocycles
with Bridgehead Nitrogen // Rus. J. Org. Chem. 2020. Vol. 56. P. 1383-1391. DOI: 10.1134/51070428020080084.
URL: https://link.springer.com/article/10.1134/S1070428020080084

Begunov R.S., ZaitsevaYu.V., Sokolov A.A., Egorov D.O., Filimonov S.I. Synthesis and Antibacterial
Activity of 1,2,3,4-Tetrahydro- and Pyrido[1,2-a]Benzimidazoles // Pharm. Chem. ]. 2022. Vol. 56, no. 1.
P.22-28. DOI: 10.1007/s11094-022-02596-0. URL: https://link.springer.com/article/10.1007/s11094-022-
02596-0

Kumar S., Ritika. A brief review of the biological potential of indole derivatives // Future
Journal of Pharmaceutical Sciences. 2020. Vol. 6. P. 121-140. DOI: 10.1186/s43094-020-00141-y.
URL: https://fjps.springeropen.com/articles/10.1186/s43094-020-00141-y

Teraiya N., Agrawal K., Patel T.M., Patel A., Patel S., Shah U., Shah S., Rathod K., Patel K. A Review
of the Therapeutic Importance of Indole Scaffold in Drug Discovery // Current Drug Discovery
Technologies. 2023. Vol. 20(6). Article ID: €050523216584. DOI: 10.2174/1570163820666230505120553.
URL: https://www.eurekaselect.com/article/131536

Badigenchala S., Rajechkumar V., Sekar G. A Iodine mediated intramolecular C2-amidative cyclization
of indoles: a facile access to indole fused tetracycles // Org. Biomol. Chem. 2016. Vol. 14(7). P. 2297-2305.
DOI: 10.1039/C50B02449H. URL: https://pubs.rsc.org/en/content/articlelanding/2016/0b/c50b02449h

ITocmynuna e pedaxyuio 28.10.2023

Oodobpena nocne peyeHzuposarus 15.11.2023
IIpunama x onybnuxosanuio 21.11.2023

88


https://www.thieme-connect.com/products/ejournals/abstract/10.1055/s-0036-1590077
https://www.thieme-connect.com/products/ejournals/abstract/10.1055/s-0036-1590077
https://www.anton-paar.com/corp-en/products/details/synthesis-reactor-monowave-50/
https://www.anton-paar.com/corp-en/products/details/synthesis-reactor-monowave-50/
http://chemintech.ru/index.php/tor/2021-2-4
https://pubs.acs.org/doi/10.1021/jm501100b
https://link.springer.com/article/10.1134/S1070428020080084
https://link.springer.com/article/10.1007/s11094-022-02596-0
https://link.springer.com/article/10.1007/s11094-022-02596-0
https://fjps.springeropen.com/articles/10.1186/s43094-020-00141-y
https://www.eurekaselect.com/article/131536
https://pubs.rsc.org/en/content/articlelanding/2016/ob/c5ob02449h

FROM CHEMISTRY TOWARDS TECHNOLOGY VOL. 4, ISSUE 4, 2023

Scientific article
UDC 66.095.253-927.5

CASE STUDY ON 4-ISOPROPYL-ORTHO-XYLENE PRODUCTION

O. A. Mazurin}, V. A. Shakun?, T. N. Nesterova?, S. V. Vostrikov?,
E. A. Kurganova’, G. N. Koshel’, A. S. Frolov?, V. S. Kabanova’, E. I. Bajov’

Oleg A. Mazurin, Leading Engineer; Vladimir A. Shakun, Candidate of Chemical Sciences, Associate Professor;
Tatiana N. Nesterova, Candidate of Chemical Sciences, Professor; Sergey V. Vostrikov, Candidate of Chemical
Sciences, Senior Researcher; Ekaterina A. Kurganova, Doctor of Chemical Sciences, Professor; Georgy N. Koshel,
Doctor of Chemical Sciences, Professor; Alexander S. Frolov, Candidate of Chemical Sciences, Associate
Professor; Victoria S. Kabanova, Assistant; Egor 1. Bajov, Postgraduate Student

' Company "Honeywell Process Solutions”, Moscow, Russia

*Samara State Technical University, Samara, Russia, shakyh@mail.ru

*Yaroslavl State Technical University, Yaroslavl, Russia, kurganovaea@ystu.ru
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analyses of these reactions. We found that the optimal method for the preparation of
4-isopropyl-o-xylene is to conduct the process in two stages. The first one is a liquid-phase
alkylation of o-xylene under kinetic control at 353 K. The second stage is liquid-phase
realkylation of the obtained alkylation reaction mass until reaching thermodynamic
equilibrium at a temperature range of 303-353 K under certain conditions.
These conditions should ensure minimal migration of methyl groups, i.e. with minimum
contact time and alkyl-/aryl- < 0.5 ratio in the reaction products.
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Introduction

Friedel-Crafts alkylation reaction is one of the most important chemical methods
for the production of alkylaromatic hydrocarbons (HCs), which are widely used to produce
stabilisers, fuel additives, pharmaceuticals, and agricultural chemicals.

The most common large-tonnage process based on this method is the production
of alkylaromatic HCs (isopropylbenzenes, isopropyltoluenes, cyclohexylbenzene) required
for the corresponding phenols and ketones production by hydroperoxide method [1].
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Many publications have been devoted to the laws of isopropylaromatic HC production
by alkylation catalysed by Lewis and Branstead acids under homogeneous or heterogeneous
conditions; we have analysed several of them in [2]. However, the process of isopropylxylenes
production is one of the least studied of all known technological processes for the alkylaromatic
hydrocarbons production.

Therefore, this paper is devoted to a special case of isopropylxylene production - the
process of alkylation of o-xylene with propylene. On the one hand, this is due to theoretical
interest, since it is possible to study the whole complex of transformations occurring during
Friedel-Crafts alkylation of xylenes. On the other hand, the results of the study have important
applications, as they open a potential way to obtain the intermediate 3,4-xylenol via
4-isopropyl-o-xylene (4-IPOX). 3,4-Xylenol is widely used for the production of various
pesticides, such as 3,4-dimethylphenyl-N-methylcarbamate [3], and, equally with other
xylenols, for the production of trixylylyl phosphates, components of flame-retardant oils [4].

The complexity of the alkylation process of o-xylene with propylene and realkylation
of isopropyl-o-xylenes is based on the possibility of migration reactions of the isopropyl group
in xylenes.

The patent [5] discusses a method for p-xylene alkylation with propylene and isopropyl
alcohol in the presence of sulfuric acid and BFsxH;PO.. The results show that BFsxH;PO, yields
an equilibrium mixture consisting of 56% of 1,4-dimethyl-2,5-diisopropylbenzene. The only
by-product reported by the authors is 1,4-dimethyl-2-isopropylbenzene. The formation of o-,
m-xylene and polymethylbenzene derivatives has not been described.

The paper [6] presents data on alkylation of o-xylene with propylene on cationite KU-2
and aluminium chloride. It is shown that methyl group migration takes place in the presence
of aluminium chloride. However, no conclusions about reaching equilibrium in the
isopropyl-o-xylene system are drawn from the data obtained, and no practical ways
of suppressing undesirable migration of methyl groups are discussed.

Paper [7] describes the isomerisation of mono- and diisopropyl derivatives of o-xylene,
but there are no data on the realkylation of di-isopropyl-o-xylene to o-xylene. Also, this paper
does not consider the possibility of methyl group migration.

Papers [8-9] describe the o-xylene alkylation with isopropanol in the presence of various
solid catalysts. The authors report the achievement of high yield of 4-IPOC. Additionally, [9]
shows the possibility of formation of isopropyltoluenes and trimethylbenzenes under
experimental conditions. But chemical equilibrium was apparently not reached in these studies.
Thus, there are no data on the equilibrium compositions of isomeric isopropyl-o-xylenes.

The patent [10] describes a method for the preparation of 4-IPOC by o-xylene alkylation
with propylene in the presence of an AICL-CH:NO; catalyst. Information on the reaction
masses composition does not allow us to draw a definite conclusion as to whether chemical
equilibrium in the system has been reached. Moreover, there are no data on methyl group
migration side reactions.

One of the main problems to be solved in the alkylation of o-xylene with propylene
is the process conditions under which the methyl group migration is minimised. Failing
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to observe this restriction inevitably leads to formation in the reaction mass not only
of isopropyltoluenes and polymethylbenzenes, but also of isopropyl-m- and p-xylenes.
Isopropyl-m- and p-xylenes have close boiling points to the target 4-IPOX. Respectively,
their presence in the reaction mass can significantly reduce the cost-effectiveness
of the technology due to the complex block of target product isolation included in it.
The purpose of this study is to solve fundamental issues of extremely selective production

of 4-isopropyl-o-xylene from available petrochemical feedstock - o-xylene and propylene.
Main body

We used as initial substances: o-xylene, purity not less than 99.5% wt. according to
gas-liquid chromatography (GLC); propylene - industrial sample with the content of the main
substance 99.5% wt. produced by JSC "Novokuibyshevskaya petrochemical company (NPC)";
anhydrous technical aluminium chloride with the content of the main substance 99.5% wt.
produced by JSC "Kaustik"; sulphocationite Amberlyst 36 Dry produced by Dow Chemical,
which before the experiments was dried from moisture by thermostatisation at 378 K to
constant weight.

We performed studies on the isopropyl-o-xylene equilibrium transformation as follows:

We obtained a non-equilibrium mixture of isopropyl-o-xylenes by o-xylene alkylation
with propylene in the presence of 5 wt% Amberlyst 36 Dry cationite at a temperature of 353 K
and a contact time of 0.2-1.5 h. We conducted the reaction in a metal thermostatted reactor
(V' =500 cm’ at a pressure ensuring the presence of the reactants in the liquid state. Under these
conditions the propylene conversion was 100%.

We realkylated the obtained mixture in the presence of 1-3% wt% of anhydrous AlCl;
based catalyst complex at temperatures of 303-333 K until reaching the equilibrium
composition of the reaction mass.

We studied the isomerisation chemical equilibrium in the isopropyl-o-xylene system
at atmospheric pressure in the liquid phase in an isothermal glass reactor (V = 20 cm®) under
vigorous stirring (300 rpm) in the presence of an AICl;-based catalyst complex. We provided
the temperature constancy by circulation of the coolant in the reactor jacket. We varied
the composition in the range of molar ratios "isopropyl-/aryl-", which is 0.2-1.8. We took
samples from the upper hydrocarbon layer after switching off the stirrer motor and complete
precipitation of the catalytic complex. We treated the samples with 10% caustic soda solution
and water to deactivate the dissolved catalyst.

The main method for analysing reaction mixtures is GLC. We analysed the samples
on a Crystal 2000 M instrument with the Chromatek-Analytical hardware and software system
equipped with a flame ionisation detector, a carrier gas flow divider, and a quartz capillary
column (60 m x 0.25 mm) with a grafted SE-30 stationary phase. Helium was used as the carrier
gas. The pressure of the carrier gas at the column inlet was 42.5 kPa. The evaporator
temperature was 473 K and the detector temperature was 503 K. N-butanol was used
as an internal standard. The temperature regime of the analysis ensured complete separation
of all reaction mass components.
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The identification of all mixture components involved setting up a special chemical
experiment and chromatography-mass spectrometric analysis, which was performed on an
Agilent 6850 gas chromatograph, equipped with an Agilent 19091S-433E capillary column
(30 mx0.25 mmx0.25 um) with a stationary phase (5% diphenylpolysiloxane + 95%
dimethylpolysiloxane) and an Agilent 5975C VL MSD mass-selective detector at an ionising
voltage of 70 eV.

We conducted the process of obtaining 4-IPOX in two stages. In the first stage
we conducted alkylation of o-xylene with propylene under kinetic control conditions,
and in the second stage we conducted isomerisation of the alkylation reaction mass until
liquid-phase equilibrium was reached in the "o-xylene-isopropyl-o-xylene" system.

Alkylation of o-xylene with propylene on Amberlyst 36 Dry sulphocationite

The task solved at the alkylation stage was to obtain isopropyl-o-xylenes as selectively as
possible. To prevent the migration of methyl groups in the aromatic nucleus, alkylation should
be performed on proton catalysts that allow the process to be conducted in the kinetic range.
Currently, the most promising of such catalysts are macroporous sulphocationites such as
Amberlyst, Lewatit, Tulsion, Purolite, and others.

According to the study [11], the Amberlyst 36 Dry catalyst allows us to obtain mixtures
of cymols with predominance of para- and ortho-isomers with high selectivity. Therefore, this
catalyst was also chosen for the alkylation of o-xylene.

We performed the alkylation at a temperature of 353 K; contact time 0-120 min, in the
range of isopropyl-/aryl- ratios for the alkylation products of 0.02-1.0 mol/mol. At the
alkylation stage we considered the following series-parallel transformations:

o-xylene + propylene - 4-isopropyl-o-xylene (4-IPOX) (1)
o-xylene + propylene - 3-isopropyl-o-xylene (3-IPOX) (2)
4-IPOX + propylene - 4,5-di-isopropyl-o-xylene (4,5-DIPOX) (3)
4-IPOX + propylene - 3,5-di-isopropyl-o-xylene (3,5-DIPOX) (4)
3-IPOX + propylene > 3,5-di-isopropyl-o-xylene (3,5-DIPOX) (5)

By statistics, the probabilities of formation of products by reactions (1) and (2) are equal.
Reactions (3), (4), and (5) are also equally likely to occur. Thus, theoretically, the expected
composition of the alkylation reaction mass should be dominated by 3-IPOX, since 4-IPOX
is consumed in two reactions: (3) and (4), and 3,5-DIPOX should be doubly dominated by
4,5-DIPOX.

However, the experimental results indicate that in the reaction mass the predominant
isomer is 4-IPOX, while the product of its further alkylation (4,5-DIPOX) is significantly
inferior to the amount of 3,5-DIPOX (by a factor of six at a propylene/o-xylene molar ratio
of 0.8). Figures 1 and 2 show the data on their concentration ratios.

We can assume that such component distribution of the reaction mass composition
is explained by the difference in the ratio of rate constants for two parallel reactions - alkylation
of 4-IPOX and alkylation of 3-IPOX - arising due to the presence of steric hindrance of adjacent
isopropyl groups during the formation of 4,5-DIPOX.
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of o-xylene alkylation with propylene alkylation of o-xylene alkylation with propylene alkylation
on "Amberlyst 36 Dry" sulphocationite at 353 K on "Amberlyst 36 Dry" sulphocationite at 353 K

Experimentally we found that the alkylation process has 100% selectivity for the sum of
isopropyl-o-xylenes (Fig. 3). It was found the formation of two isomers in the group of
monosubstituted o-xylenes: 4-IPOX and 3-IPOX. Their maximum concentrations in the
reaction mass are reached at a propylene/o-xylene molar ratio equal to 1. For 4-IPOX the
concentration was 35.7% mol, for 3-IPOX it was 12.4% mol. Two isomers, 4,5-DIPOX and 3,5-
DIPOX, with concentrations of 4.1% mol and 17.5% mol, respectively, are also formed in the
group of disubstituted o-xylenes.
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Fig. 3. Composition of reaction mass for alkylation of 0-xylene with propylene on "Amberlyst 36 Dry" at 353 K: 1
- o-xylene; 2 - 4-IPOX; 3 - 3,5-DIPOX; 4 - 3-IPOX; 5 - 4,5-DIPOX; 6 - TRIIPOX

Isomerisation and realkylation of the o-xylene alkylation reaction mass with
propylene. Thermodynamic analysis of isomerisation and overalkylation

The system "o-xylene - isopropyl-o-xylene" was represented by five components.
We chose three independent reactions to describe the equilibrium:
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3-IPOX <> 4-IPOX (6)
4,5-DIPOX « 3,5-DIPOX (7)
3,5-DIPOX + OX <> 4-IPOX + 4-IPOX (8)

Table 1 summarizes the results of the equilibrium study obtained.

Table 1. Study results of the reactions equilibrium (6), (7) and (8)*

T.K . min fuquay M Alkyl/Aryl, AICI; content, K. fo0sS
mol/mol % wt.
3-IPOX < 4-IPOX (6)
303 400 1200 0,07 1,6 119 4,75
303 300 1500 0,08 1,8 163 8,88
303 360 900 0,18 2,1 116 6,47
303 900 1700 1,01 2,3 132 3,30
318 360 600 0,27 1,6 107 1,35
318 480 1200 1,81 1,9 103 0,37
318 540 1200 0,77 2,3 108 0,26
333 180 420 0,06 1,8 81,5 1,68
333 180 600 0,24 2,5 101 1,11
333 180 660 0,30 1,5 97,7 1,41
333 180 660 0,63 2,4 93,6 1,19
333 180 600 0,43 2,2 92,9 0,20
333 210 720 0,82 2,1 99,5 1,26
333 180 540 1,02 1,8 96,2 1,45
333 240 660 1,27 2,0 100,0 1,20
333 150 720 1,39 2,2 92,0 0,85
353 60 300 0,39 2,3 81,1 1,57
353 45 600 0,98 6,7 76.8 0,38
373° 65 70,0 16,74
393 50 34,3 4,38
413 38 31,0 6,46
4,5-DIPOX « 3,5-DIPOX (7)
303 900 1700 1,01 2,3 6,65 0,04
303 900 2700 1,00 2,3 6,78 0,07
318 480 1200 1,81 1,9 6,48 0,08
318 540 1200 0,77 2,3 6,71 0,05
333 180 600 0,43 2,2 7,59 0,16
333 210 720 0,82 2,1 5,71 0,13
333 180 540 1,02 1,8 6,70 0,08
333 240 660 1,27 2,0 7,81 0,21
333 150 720 1,39 2,2 7,44 0,18
353 45 600 0,98 6,7 6,64 0,05
353P 6,5 0,3
373> 65 5,59 0,55
393 50 5,50 0,46
413 38 5,90 0,53
3,5-DIPOX + OX <> 4-IPOX + 4-IPOX (8)
303 900 1700 1,01 2,3 318 7,78
318 360 600 0,27 1,6 275 13,76
318 480 1200 1,81 1,9 230 4,23
318 540 1200 0,77 2,3 255 3,89
333 180 660 0,30 1,5 197 4,45
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T.K . min fuquay M Alkyl/Aryl, AICI; content, K. fo0sS
mol/mol % wt.
333 180 660 0,63 2,4 206 9,26
333 180 600 0,43 2,2 203 4,49
333 210 720 0,82 2,1 194 5,35
333 180 540 1,02 1,8 218 4,82
333 240 660 1,27 2,0 210 4,55
333 150 720 1,39 2,2 204 4,36
353 60 300 0,39 2,3 173 6,61
353 45 600 0,98 6,7 179 2,59

? Symbols: ¢, - time for the system to reach equilibrium; t,q - time for studying the system under equilibrium
conditions; K, - ratio of equilibrium concentrations of reaction products in mole fractions to equilibrium
concentrations of initial substances; oS - confidence interval for the significance level of 0.05;

br12].

Table 2 shows the enthalpic and entropic effects of reactions (6), (7) and (8) obtained by
linear approximation of the equilibrium constants (In K;) as a function of inverse temperature
10°/T.

Table 2. Enthalpic (kJ-mol™) and entropic (J-mol-K™) characteristics of the studied reactions in liquid phase

No. of reaction To- T AH2(D fo.05S AS2(D t0,05S
6 303-413 -12.6 2.6 -0.6 7.9
7 303-413 -1.8 1.3 10.1 3.9
8 303-353 -10.5 1.2 13.0 3.6

The values of gas-phase equilibrium constants (K:) are calculated in the Raul's law
applicability approximation as:

Kp = Kx(HPvp(product)/Hpvp(initial))'

where Py (initiar) is saturated vapour pressure of initial reagents; Pypproduct) iS saturated
vapour pressure of reaction products. The saturated vapour pressures for all components were
calculated using the Ambrose-Walton method.

Table 3 shows the enthalpic and entropic effects of reactions (6)-(8) obtained by linear
approximation of the equilibrium constants (In K}) as a function of inverse temperature 10°/T.

Table 3. Enthalpic (kJ-mol™) and entropic (J-mol*-K™") characteristics of the studied reactions in the gas phase

No. of reaction Tu-Tx AH2(9) to05S A.S2(9) to05S
6 303-413 -13.2 2.6 -1.0 7.7
7 303-413 -1.8 1.4 9.6 4.0
8 303-353 -8.7 1.1 14.8 34

According to data presented, reaction (7) is characterised by an unexpectedly low
enthalpy, despite the ortho-effect of the two isopropyl groups in 4,5-DIPOX. However, Table 3
shows the "triple" enthalpy effect of Me-Me-isopropyl- in 3-DIPOX is a very significant value
of 13.2 kJ-mol™ for reaction (6). We assume the same data for reaction (7), leading to mutual
compensation of ortho-effects.

The composition of the equilibrium mixture for the system "o-xylene - isopropyl-o-
xylene" (Fig. 4) was calculated by solving a system of five equations with five unknowns
(three equations are expressions for equilibrium constants of reactions (6)-(8)) with
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experimental values of K., and two material balance equations - for aromatic nuclei and for
isopropyl substituents). The equilibrium calculation was performed at temperatures of 318, 333,
and 353 K. As a result, it was found that when the system reaches liquid-phase equilibrium with
increasing isomerisation temperature from 303 to 353 K, the concentration of target 4-IPOC
decreases from 89 to 86% mol. at the alkyl-/aryl- ratio equal to 1 mol/mol.

100
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60 -
50 -
40 +
30 -
20
10

0 ‘ : - : : — 4
0 0.25 0.5 0.75 1 1.25 1.5
Alkyl-/aryl- ratio, mol/mol

C, mol%

5

Fig. 4. Composition of the equilibrium mixture in the system "o-xylene + isopropyl-o-xylene" at 333 K:
1 - o-xylene; 2 - 4-IPOX; 3 - 3,5-DIPOX; 4 - 3-IPOX; 5 - 4,5-DIPOX

The presented data indicate that the process of obtaining 4-IPOX should be performed
under conditions when the reaction mass reaches thermodynamic equilibrium in the isopropyl-
o-xylene group.

Kinetic analysis of methyl group migration in the Isopropyl-o-xylene isomerisation process

The main purpose of the analysis was to establish the formation pathways of 5-isopropyl-
m-xylene (5-IPMX), pseudocumene, 3-isopropyltoluene (3-IPT), and 4-isopropyltoluene
(4-IPT), the by-products of the reaction mass isomerisation of the o-xylene alkylation

with propylene.
Isomerisation by-products are obtained by the following reactions:
4-IPOX > 5-IPMX )
o-xylene <> m-xylene (10.1)
m-xylene +4-IPOX > 5-IPMX + o-xylene (10.2)
o-Xylene + 4-IPOX > Pseudocoumol + 4-IPT (11)
4-1PT < 3-IPT (12)

The most difficult to separate from 4-IPOX is 5-IPMX, since the normal boiling points
of these compounds differ only by 7 K. For this reason, its appearance in the isomerisation
reaction mass should be under control. 5-IPMX has two ways of accumulation in the reaction
mass. The first one is by reaction (9) upon isomerisation of the methyl group position
in 4-IPOX, the second one is by the sequential reactions (10.1) and (10.2) through the m-xylene
formation. The depth of o-xylene alkylation with propylene depends on the predominance
of one or another way of 5-IPMX formation.
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We analysed the kinetic data by comparing the compositions of isomerisation reaction
masses at a temperature of 333 K, alkyl-/aryl- ratios of 0.24 and 0.63 mol/mol, and catalyst
amounts of 2.5 and 2.4 wt%, respectively. As a result, it was found that 5-IPMX
was predominantly formed by the isomerisation reaction of the methyl group position from
4-TPOX (reaction (9)). It is evidenced by the higher rate of its accumulation in the case when
the reaction mass with a higher alkyl-/aryl- (mol/mol) ratio undergoes isomerisation (Fig. 5).
However, the amounts of pseudocoumol, 3-IPT and 4-IPT when the system reaches
equilibrium on the isopropyl-o-xylene group are insignificant at 0.09, 0.04 and 0.01% mol,
respectively.

The concentration of side-formed pseudocumene, 3-IPT and 4-IPT is higher at lower
alkyl-/aryl- ratio of 0.24 (mol/mol) after reaching equilibrium concentrations in the isopropyl-
o-xylene group.

C(5-IPMX), mol%

0 200 400 600 800
Time, min

Fig. 5. Concentration of 5-IPMX during isomerisation of reaction mass alkylation of o-xylene with propylene at
333 K: 1 - alkyl-/aryl- = 0.24; 2 - alkyl-/aryl- = 0.63

Thus, the minimum amount of by-products will be achieved by shallow alkylation
of o-xylene with propylene (i.e., if the ratio of alkyl-/aryl- < 0.5 mol/mol in the reaction products
is maintained), and the subsequent isomerisation step of the reaction mass under conditions
ensuring the equilibrium in the isopropyl-o-xylene group at low contact time.

Conclusions and recommendations

Hence, we found that the alkylation of o-xylene with propylene on Amberlyst 36 Dry
sulfocationite proceeds in the kinetic region with 100% selectivity for the sum of isopropyl-o-
xylenes. Nevertheless, it was impossible to ensure high yield of target 4-IPOX under these
conditions.

It is shown to obtain the maximum yield of 4-IPOX a realkylation step under
thermodynamic equilibrium conditions is necessary.

Equilibrium transformations of isomeric isopropyl-o-xylenes have been studied in the
presence of an AlCls-based catalytic complex during the realkylation of reaction masses.
Thermodynamic characteristics of the realkylation reactions are given. The kinetic analysis
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of methyl group migration reactions catalysed by AICl:-based complex was also performed.
The condition for minimal formation of 5-IPMX is the contact time not exceeding the time
of reaching the equilibrium of the system "o-xylene - isopropyl-o-xylene", as well as obtaining
the initial alkylation reaction mass with a low alkyl-/aryl- ratio.

The following conditions for the selective production of 4-IPOX were determined as
a result of this study:

The first stage of the process is the liquid-phase alkylation of o-xylene under kinetic
control conditions at the minimum temperature from the operating range of the sulfocationic
acid, which for most catalysts of this type is 353 K;

The second stage is liquid-phase realkylation of the obtained alkylation reaction mass
until reaching thermodynamic equilibrium at a temperature range of 303-353 K under certain
conditions. These conditions should ensure minimal migration of methyl groups, i.e. with
minimum contact time and alkyl-/aryl- < 0.5 ratio in the reaction products.

The results obtained can be used for a more detailed study of the continuous two-stage
process conditions for the production of 4-IPOX (temperature, pressure, volume feed rate
of raw materials, features of the alkylation design and re-alkylation reactors), and further
development of this product production technology.
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Abstract. Water-alcohol solutions are widely used in pharmacy, food industry,
engineering, etc. The study of their physical and chemical properties has a long history.
Nevertheless, due to the complexity of these systems, there is still an interest in their
research stimulated by the development of biochemistry in terms of the study
and protection of the environment, global climate change, renewable energy resources
and cosmochemistry. The purpose of the presented study is the quantum-chemical
investigation of water clusters with methyl and ethyl alcohol molecules, as well as
the modelling of concentration dependences of the excess molar volume of ethyl alcohol
solution in water at different temperatures. Based on quantum-chemical calculations
of paired and mixed complexes of water with methanol and ethanol, taking into
account solvation effects, study reveals the formation of thermodynamically efficient

complexes in liquid, in contrast to the ideal gas state, while in the mixture both
individual solvated alcohol molecules and complexes will be in equilibrium. We noted
a relative difference in the free energies of solvation of paired and mixed methanol
and ethanol complexes. The paper proposes a technique for calculating the excess molar
volume in water-alcohol mixtures by approximating the experimental dependences
by Lejandre polynomials of the ninth degree. The calculation results showed high
accuracy. Hence, continuous functions describe the dependences of the calculated
coefficients of Lejandre polynomials on temperature.
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Introduction

According to the systematic papers of D. I. Mendeleev, the study of physicochemical
properties of water-alcohol solutions has a long history (more than 150 years) [1]. Nevertheless,
the interest to these objects still remains. Experimental studies of excess thermodynamic mixing
functions of alcohols aqueous solutions, performed at the end of the twentieth century [2-5],
showed significant anomalies in their properties due to changes in the associative structure
of the solution with its concentration. It is due to the presence of strong hydrogen bonds
between the components, on the one hand, and the diphilic character of alcohol molecules,
on the other. As shown in [6], a simple associative equilibrium model does not allow describing
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the concentration dependence of the water-alcohol solution volume contraction. Moreover,
the quantitative description of this curve requires the introduction of additional corrections.
On the basis of density measurements and calorimetry of concentrated aqueous solutions
of different alcohols, the authors of [7] concluded as follows: in the region of high
concentrations of alcohol, its molecules form clusters. And their which hydroxyl groups are
oriented to the outer region where they interact with water molecules.

Thermodynamic data, however, are not sufficient to provide a more detailed assessment
of the solutions structure and need to be supplemented by physicochemical methods and
computer modelling. Thus, in [8], the laser interferometry method was applied to study
the structure of water-alcohol clusters in near-surface layers. Possible mechanisms of transition
of water fractal-cluster structures in interaction with ethanol into spatial clathrates were shown
on the basis of these studies. The authors of [9] using terahertz spectroscopy and pulsed NMR
with magnetic field gradient showed the presence of three different concentrations of water-
alcohol solution at which the solution associative structure is critically changed.

We used the molecular dynamics method to calculate the heat capacity of water-alcohol
mixtures [10-11], modelling of intermolecular interactions and associative structures [12-13]
and dielectric permittivity [14]. At the same time, empirical potential force field functions,
which are used in classical molecular dynamics, do not provide an adequate description of the
geometrical structure and energy parameters of intermolecular complexes. Therefore, for these
purposes it is necessary to use quantum chemical methods. Examples of the use of quantum-
chemical calculations for these purposes are presented in [15-17].

The most common method of studying aqueous-alcohol solutions in practice is density
measurement. Due to the fact that aqueous solutions of ethyl alcohol are widely used in the food
industry and pharmacy, the Russian Standards Publishing House has published detailed tables
of aqueous-alcohol solutions density at different temperatures and concentrations [18]. On the
basis of density concentration dependences, the volume contraction dependences are calculated
and used in theoretical calculations. An important anomaly of water-alcohol solutions is the
presence of special points on the concentration dependences of contraction, where the curves
constructed for different temperatures intersect [19-20]. On the basis of light scattering data,
it was shown that the appearance of special points depends on orientation correlations in water.
However, it is caused by the formation and destruction of hydrogen bonds [21].

The purpose of the study was quantum-chemical study of molecular complexes of water
and methyl and ethyl alcohols along with an analysis of concentration dependences of the excess
molar volume of aqueous ethanol solutions.

Main body

In [17], quantum-chemical modelling of geometry and energy characteristics was
performed using the density functional method; the thermodynamic functions in the ideal gas
state, water clusters with methanol and ethanol for different amounts of water atoms were
calculated. According to the research, the cluster formation energies (binding energies) grow
almost linearly with increasing amounts of water atoms in the cluster. It indicates practically
independence of the amounts of atoms in the cluster on the hydrogen bonding energy per pair
of atoms. Although, the formation of clusters is energetically effective (it occurs with a decrease
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in electronic energy with correction for the energy of zero vibrations). Indeed, the calculation
of changes in free energy shows positive changing of the Gibbs free energy in the reaction
of cluster formation under standard conditions in the state of an ideal gas. Moreover, clusters
should not exist in the gas phase at normal and elevated temperatures. Nevertheless, according
to the article introduction, the associative structure is characteristic for water-alcohol solutions,
and, therefore, clusters exist in the liquid phase. Obviously, the effects of solvation (hydration
in the considered case) play an essential role in the stabilisation of clusters in the liquid phase.
Therefore, the present paper deals with quantum-chemical calculations of water-alcohol
clusters taking into account solvation effects.

We considered binary clusters of water, methanol, ethanol molecules, and mixed water-
alcohol clusters as objects of the study. The calculation of the total electronic energies and
thermodynamic functions of the compounds involved in the reactions was performed by the
quantum-chemical density functional method [22, 23]. We use various hybrid functionals
of the ORCA software package [24, 25]. The geometry of the initial compounds and reaction
products was optimised during the calculation, and as a result, conformations with minimum
potential energy were found. The presence of minima was controlled by the absence of negative
eigenvalues of the Hesse matrix at critical points. We calculated the total electronic energy of the
compound and the solvation energy in these conformations using the implicit C-PCM solvation
model [26]. We calculated the Gibbs free energy at different temperatures on the basis
of vibrational analysis [27].

Since the choice of the density functional for DFT calculations is not unambiguous [28],
we performed preliminary test calculations in order to select a functional adequate to the
problem. Table 1 shows an example of such calculations. However, the popular hybrid
functional B3LYP/6-311G** fits better for the calculation of hydration energies in this task
compared to higher-level functionals, despite the fact that it is inferior to them for
the calculation of atomisation energies [28]. This functional was used in [31]. Nevertheless,
for further calculations, we chose the hybrid functional TPSS/6-311G** because the average
relative bias for all compounds was slightly smaller when it was used.

Table 1. Hydration free energies (in kJ/mol) calculated in the C-PCM model using different functionals for the
three compounds, as well as the corresponding experimental values

Method H,O CH;0OH H;0"
B3LYP/6-311G** -30.22 -21.36 -378.13
MO0/62X/6-311G** -31.39 -23.18 -379.94
wB97X-D3/6-311G** -31.08 -22.92 -379.94
CAM-B3LYP/6-311G** -31.08 -22.92 -379.67
TPSS/6-311G** -29.58 -21.21 -380.16
B2PLYP/6-311G** -30.49 -22.23 -380.54
Experiment [29, 30] -26.36 -21.34 -432.63

Although the C-PCM method is inferior in the accuracy of the solvation energies
calculation to the SMD method [32], also implemented in the ORCA package, it is more
convenient in terms of this challenge. The reason is that it does not require experimentally
determined physicochemical parameters of the solvent that vary with its concentration, such as
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surface tension, acidity, and basicity indices. In the case of the C-PCM model, the only variable
parameter is the dielectric constant, which is approximated rather well by an additive scheme
when the solute concentration changes.

Tables 2 and 3 show the calculated solvation energies of methanol and ethanol individual
molecules, as well as their paired complexes and complexes with water at different temperatures
and two mole fractions of the solvent (water): X; = 1 (infinite dilution) and X; = 0.5 (equal mole
fractions). As the mole fraction of alcohol increases, the solvation energy decreases slightly due
to a decrease in the dielectric constant. An increase in temperature has a different effect on the
free energy of the individual molecules and complexes solvation. It increases the absolute value
of AG.y for individual methanol molecules and mixed complexes with water, and decreases it
for paired methanol complexes. For ethanol, an increase in the absolute value of AG is
observed only for individual molecules, while a decrease is observed for paired and mixed
complexes.

Moreover, in the case of both methanol and ethanol, the free energy of solvation is larger
in absolute value for complexes (especially for mixed ones) compared to its value for individual
molecules. Therefore, in liquids, in contrast to the ideal gas state, the formation of complexes
will be thermodynamically effective, while in a mixture both individual solvated alcohol
molecules and complexes will be in equilibrium. The relative difference in the solvation free
energies of the paired and mixed complexes of methanol and ethanol can also be noted. In the
case of methanol, there should be fewer paired complexes in solution than mixed and individual
molecules. However, for ethanol there should be more paired complexes than individual
molecules. It indicates that ethanol should be a more associated liquid than methanol, which
seems quite obvious.

Table 2. Free energies of solvation of methanol and methanol-water molecules and complexes at different
temperatures and solvent mole fractions

Molecule/associate T, K AGuin K/mol
Xi=1 Xi=0.5
CH;OH 273.15 -21.59 -21.48
CH;OH 283.15 -21.59 -21.48
CH;0H 293.15 -21.60 -21.49
CH;0H 303.15 -21.61 -21.50
CH;OH 313.15 -21.62 -21.51
CH;OH_H,0O 273.15 -44.13 -43.96
CH;OH_H,0O 283.15 -44.13 -43.97
CH;OH_H,0O 293.15 -44.13 -43.97
CH;OH_H,0O 303.15 -44.14 -43.98
CH;OH_H,0O 313.15 -44.14 -43.99
CH;OH_CH;0H 273.15 -17.88 -20.23
CH;0OH_CH;0H 283.15 -17.75 -20.20
CH;OH_CH;0H 293.15 -17.62 -20.16
CH;OH_CH;0H 303.15 -17.49 -20.13
CH;0OH_CH;0H 313.15 -17.36 -20.10
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Table 3. Free energies of solvation of ethanol and ethanol-water molecules and complexes at different temperatures
and solvent mole fractions

Molecule/associate T, K AGiom kjimol
Xi=1 X1=0.5
C,HsOH 273.15 -21.77 -21.57
C,HsOH 283.15 -21.78 -21.58
C.Hs;OH 293.15 -21.80 -21.59
C.H;OH 303.15 -21.81 -21.60
C.Hs;OH 313.15 -21.82 -21.62
C.HsOH_H,O 273.15 -41.22 -40.81
C.HsOH_H,O 283.15 -41.21 -40.79
C.HsOH_H,O 293.15 -41.19 -40.78
C.HsOH_H,O 303.15 -41.18 -40.76
C,HsOH_H,0O 313.15 -41.16 -40.74
C,HsOH_C,HsOH 273.15 -31.13 -32.17
C,HsOH_C,HsOH 283.15 -31.08 -32.13
C,HsOH_C,HsOH 293.15 -31.02 -32.10
C,HsOH_C,HsOH 303.15 -30.95 -32.06
C,HsOH_C,HsOH 313.15 -30.89 -32.02

The geometrical structure of the complexes of methanol and ethanol with water
in calculations taking into account solvation similar to the one obtained in [17].
The calculations in the ideal gas state indicates insignificant change of the nature of hydrogen
bonds.

Thus, quantum-chemical calculation provides the existence of clusters formed by alcohol
and water molecules in water-alcohol solutions and allows their structure describing. At the
same time, such calculations do not allow us to obtain quantitative dependences
of thermodynamic functions on the solution composition due to limitations on the model size
due to the lack of computational resources.

The considered complexes with hydrogen bonds are the cause of non-ideal behaviour
of the solution in terms of deviation from the additivity of thermodynamic functions.
The solvation free energy given in the tables above may be an example of such deviation.
Mathematically, deviation from additive behaviour in the dependences of thermodynamic
functions on the mole fraction of components can be represented as an absolute
deviation (excess thermodynamic functions) or a relative deviation. An example is volume
contraction [19-21]. This paper contains the calculations on the dependences of the excess
molar volume of the components on the mixture composition and proposes approximating
functions for these dependences [18]. The excess molar volume of the mixture of two
components characterises the deviation of the solution from the ideal one and is calculated by
the formula
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Ve = (V=Vny = Viny)/(ng +ny), (n

where V - experimentally measured volume of the mixture containing n,; moles of water and
n, moles of alcohol; and V? - V molar volumes of alcohol and water, respectively.

The dependence of the excess molar volume of a mixture on thermodynamic parameters
(temperature and pressure) can be calculated from the mixture volume on the basis of the virial
expansion for the state equation. However, the virial expansion polynomial is not a set of
orthogonal functions. Therefore, the coefficients of the virial expansion calculated by the least
squares method on the basis of experimental data appear to be correlated and cannot be
approximated by continuous functions of the mixture composition. This can be seen from the
analysis of the virial expansion coefficients of the equation of state of water-alcohol mixtures
given in [33]. It is more rational to approximate the dependence of the excess molar volume on
the mole fractions of the components using orthogonal polynomials. For example, in [34],
the dependence of the excess Gibbs free energy on the composition of ethanol-water mixtures
was approximated by sixth-order Lejandre polynomials. Our calculations showed that the sixth-
order polynomials are not sufficient for qualitative approximation of the dependence of the
excess molar volume on the composition of ethanol-water mixtures. Therefore, in the present
study, we used the ninth-order Lejandre polynomial to describe this dependence.

Defining the mole fraction of alcohol by x, the dependence Vz(x) can be represented as
follows

Vg(x) = X a; (T)L;(x), 2)

where L;(x) - are Lejandre polynomials (3); a;(T) - are temperature dependences of the
polynomials coefficients, which in the present paper were also approximated by Lejandre
polynomials of the fourth order. Thus, 50 coefficients (5 coefficients for each dependence a;(T),
i=0,...,9) were calculated to approximate the dependences of excess molar volume on the
mixture composition and temperature.
Lyo=1;
Ly =x;
L, = (3x*—1)/2;
Ly = (5x3 —-3x)/2;
L, = (35x* — 30x2 + 3)/8;
Ls = (63x% — 70x3 + 15x)/8; (3)
Le = 231/16x® —315/16 x* + 105/16 x> — 5/16;
L, =429/16x7 — 693/16 x> + 315/16 x> — 35/16 x;
Lg = 6435/128 x® — 3003/32 x° + 3465/64 x* — 315/32 x* + 35/128;
Ly =12155/128 x° — 6435/32 x” + 9009/64 x> — 1155/32 x3 + 315/128 x.

Figure 1 shows that function (2) approximates the experimental data very well. It includes
the special point (Fig. 2), where the temperature dependences have an inversion. The maximum
absolute deviation of calculated and experimental values did not exceed 0.006 cm’/mol at all
studied temperatures.
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The temperature dependences of the Lejandre coefficients are well described
by monotonic functions. By Fig. 3, the temperature dependences of the Lejandre coefficients
are well described by monotonic functions. This allows us to implement model (2) to calculate
the molar volume of water-ethanol mixtures at various concentrations and temperatures.

Conclusions and recommendations

Quantum-chemical calculations of paired and mixed complexes of water with methanol
and ethanol taking into account solvation effects reveals that liquids, opposite to an ideal
gas,form will thermodynamically effective complexes. Meanwhile, in mixtures both individual
solvated alcohol molecules and complexes will be in equilibrium. On the basis of the calculated
values of the Gibbs free energy, the equilibrium constants for various complexes can be
calculated and their relative concentrations determined.

We noted a relative difference in the solvation free energies of the paired and mixed
complexes of methanol and ethanol. In the case of methanol, there should be less paired
complexes in solution than mixed and individual molecules. However,ethanol should have
more paired complexes.

The proposed method of calculating the excess molar volume in water-alcohol mixtures
by approximating the experimental dependences by Lejandre polynomials of the ninth degree
shows high accuracy. Therefore, the dependences of the calculated polynomial coefficients
on temperature can be described by continuous functions. This allows us to recommend the
proposed mathematical model for practical calculations of molar volume and density of alcohol
solutions for different concentrations and temperatures.
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Introduction

Nowadays, the technology of manufacturing concrete products as "washed concrete”
is becoming more and more popular. Therefore, it is possible to obtain products of a special
decorative effect, which is unusual and phenomenal. Using this technology, it is possible
to obtain unique textures, which will have no analogues.

Concrete hardening inhibitors [1-7] are used to give the surface of concrete products
decorative properties during the formation of the products, which are used to treat the surface
of the product. Then this uncured surface layeris washed off from the product. The resulting
product surface has the texture of the filler, which was added to the cement mixture.

Nowadays special paints containing concrete hardening inhibitors are produced.
However, such high quality materials are only imported and are not currently available on the
Russian paint and varnish market. Also, these paints are organically dilutable, which negatively
affects the environment, and require a special solvent for washing off the mould.

Main body

The purpose of this study is to develop a methodology and formulation for obtaining
water-dispersion material used to create a decorative effect on the "washed concrete"
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technology. Since now there are no imported raw materials and materials, the necessity
of creating a domestic paint from available raw materials is very acute.

We used citric acid (GOST 908-2004) and sodium gluconate (TU 6-09-3508-80)
as concrete hardening inhibitors.

To obtain the dispersion medium we used ionogenic and non-ionogenic dispersants:
natrasol, sodium tripolyphosphate (GOST 31638-2012), silicone-containing defoamer,
diethylene glycol (GOST 10136-2019), and distilled water [8-10].

We obtained pigment paste with 70% filling by mixing pigment (titanium dioxide
(GOST 9808-84) and filler (calcium carbonate (GOST 4530-76) with aqueous phase. Then we
dispersed in a laboratory dissolver Homoge (Poland) with a volume of 250 cm?, provided with
a disc stirrer with a diameter of 40 mm with a maximum speed of 230 s™. To obtain the colour
we combined the pigment paste with PVA polymer dispersion (TU 2385-002-18341150-98).

We added concrete curing inhibitors to the finished paint.

Table 1. Water phase component ratio

Substance Mass content, %
Water 95.42
Sodium tripolyphosphate 0.76
Silicone-containing defoamer 0.19
Diethylene glycol 3.05
Nathrasol 0.38

Since water-dispersion systems due to the addition of electrolytes can lose their
aggregative stability [11-14], we investigated the rheological properties of the materials and
their components.

We performed rheological studies for the aqueous phase obtained from the formulation
of Table 1 (Fig. 1).

12

10

300 400 500 600 700 800 900 1000 1100
D,s-1

Fig. 1. Dependence of shear stress on shear rate for the aqueous phase

The graph on Fig. 1 for the obtained aqueous phase shows the increasing of the shear
stress with shear rate. The graphs on Fig. 2 show a decrease in viscosity and an increase in shear
stress with shear rate. It is characteristic of the thixotropic nature of the flow, probably due to
the synergism of the surfactants used to produce the pigment paste.
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Fig. 2. Rheological properties of pigment paste: a - dependence of viscosity on shear rate; b - dependence of shear
stress on shear rate

We observe similar rheological properties for the aqueous dispersion of PVA (Fig. 3). It
is due to the emergence of reversible structures because of ionic atmospheres polarisation of
dispersed particles under orienting flow action.
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Fig. 3. Rheological properties of PVA: a - dependence of viscosity on shear rate; b - dependence of shear stress on
shear rate

The rheological properties of the obtained paint (Fig. 4) based on PVA dispersion are
similar to those of the dispersion itself, indicating thermodynamic compatibility of the
dispersion and pigment paste components.

The study results of the sodium gluconate effect on the rheological properties of the
obtained paint are shown in Fig. 5.
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Fig. 4. Rheological properties of paint based on PVA dispersion: a - dependence of viscosity on shear rate;
b - dependence of shear stress on shear rate
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Fig. 5. Rheological properties of paint with different sodium gluconate content: a - dependence of viscosity

on shear rate; b - dependence of shear stress on shear rate

According to Figure 5, if the sodium gluconate content is up to 1% wt. %, the rheological

properties of the paint are practically unchanged. When 3% wt. or more of sodium gluconate is
added to the paint formulation, a slight increase in viscosity and shear stress is observed for the
paint at low shear rates (up to 100 s'). Thus, the introduction of up to 10 wt% of sodium
gluconate into the composition of water-dispersion paint based on PVA does not cause a

decrease in the aggregative stability of the system.

The study results of the concrete hardening inhibitor penetration rate dependence on its

content in the paint during the formation of concrete products are presented on Figs. 6-7. The

inhibitor content in the paint varied between 0.5-

113
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Fig. 6. Graph of penetration rate dependence on citric Fig. 7. Graph of penetration rate dependence on
acid content in the paint gluconate content in paint

The degree of inhibitor penetration from the colour into the concrete product
was determined by the weight loss of the concrete specimen.

Figures 6 and 7 show a linear character with a high correlation coefficient (R?)
of the dependencies obtained. We've got the mathematical equations:

for paint containing citric acid y = 0.0263x - 0.0006;

for paint containing sodium gluconate y = 0.0480x + 0.3929.

These equations allow penetration rates to be predicted with high accuracy
when formulating paints for washed concrete technology.

In addition, we have considered the possibility of creating a coloured paint material.
The colour of the paint can serve as a marking to indicate the penetration rate of the concrete
curing inhibitor. Namely, paint with different inhibitor content differs in colour. For this
purpose, we have considered the use of ready-made water-based tinting pastes (Fig. 8). We used
the following materials as tints: Palizh 29 colourant - ultramarine; LUXENS colourant - light
green; PARADE colouring paste No. 201 - ochre, No. 204 - black, No. 207 - sun, No. 209 -
scarlet, No. 215 - cherry. We introduced tint into the paint from 5 to 20% wt. All materials
showed good compatibility with the paint. Hence, we found that the colour tinting paste had

no effect on the penetration depth.

I

a b
Fig. 8. Samples of coloured material for washed concrete technology: a - material applied to the surface

of the product; b - paint in containers
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Therefore, as a result of the conducted research the efficiency of using citric acid and

sodium gluconate as concrete hardening inhibitors is shown. The authors have developed a

formulation for obtaining aggregate-resistant water-dispersion paint for the "washed concrete"

technology from raw materials available on the raw materials market of the Russian Federation.

The authors determined the dependence of the inhibitor penetration degree into the concrete

product on its content in the paint, and developed a range of coloured paints differing in their

penetration ability.
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Abstract. Nanotechnologies play an important role in the modern world
economy. As they deal, as a rule, together with other convergent (nano-, bio-,
info-, cognitive) technologies. This connection causes a synergy effect,
i.e. non-linear development of innovations. The growth dynamics of the world's
nanotechnology products is impressive. The world market of nanotechnologies
in 2021 was 85 billion dollars, in 2024 (plan) will be 140 billion dollars. The
forecast for 2030 is $288 billion. The production of nanoparticles of different
nature and their use in different industries, fields of science, and technology
takes a special place in nanotechnology. Both nanotechnology itself and the
production and application of nanoparticles are interdisciplinary and cross-
sectoral ones. Their users and customers are developed industries, including the
textile industry. Metal nanoparticles are used both in the form of colloidal
solutions and as part of microcapsules containing functional substances of
different nature in the core. The article considers some methods of obtaining
metal nanoparticles and microcapsule synthesis. The authors list the

technologies of microcapsules application for textile functionalization.
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The global textile industry has been one of the main objects of its practical application since

the first years (the beginning of the 21st century) when nanotechnology appeared in the real

economy. Here is a very vivid statistic of the world nanotextiles production (a broad term - textiles

produced with the use of nanotechnology) in US dollars. According to the figures above, the

use of nanotechnology in the production of textiles in all its forms is on the top, especially, for

technical and military textiles. Indeed, these textiles have seriously increased the demands for

both volumes and materials with new properties which nanotechnology can provide.
Global production and consumption of all textiles in 2018 is $ USD 780 bn.

© G. E. Krichevsky, O. I. Odintsova, S. V. Korolev, 2023
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Countries major textile exporters in 2018, $ USD bn [1]:

VOL. 4, ISSUE 4, 2023

China - 257.8; Hong Kong - 21.3;
India - 37.2; Spain - 18.6;
Bangladesh - 36.8; France - 15.7;
Germany - 35.8; Belgium - 15;
Italy - 35.1; South Korea - 13;
Vietnam - 34; Pakistan - 13;
Turkey - 26.8; Russia - no data.
USA - 25.8;

Nanotechnology and textiles
Global production of all textiles by nanotechnology [2]:

2016 - $ USD 77.3 bn, 2022 - $ USD 295 bn
Global fabric production by nanotechnology:

2016 - $ USD 50.5 bn, 2022 - $ USD 101 bn.
Global home textile production by nanotechnology:

2016 - $ USD 6 bn, 2022 - $ USD 36 bn.
Global military textile production by nanotechnology:

2016 - $ USD 390 mln, 2022 - $ USD 1.6 bn.
Global medical textile production by nanotechnology:

2016 - $ USD 40 mln, 2022 - $USD 1.2 bn.
Global sport textile production by nanotechnology:

2016 - $ USD 85 mln, 2022 - $ USD 170 mln,
Global technical textile production by nanotechnology:

2016 - $ USD 20 bn, 2022 - $ USD 155 bn.
Percentage of global textiles produced by nanotechnology:

Fabrics - 10.73%; Medical textiles - 21.82%;

Home textiles - 36.59%; Sport textiles - 13.5%;

Military textiles - 29.29% Technical textiles - 45.1%.

Nanotechnology and textiles

The implementation of nanotechnology for textile production includes [3, 4]:

- production of nanoparticles to provide textiles with special properties;

— production of special purpose fibres using nanotechnology and nanoparticles;

- use of nanotechnology and nanoparticles to provide textiles with special properties;
- developing nano- and micro-containers for the textile materials functionalization.

Production of nanoparticles and their use for special textile properties

The global nanoparticle production of different kinds of nanoparticles in terms of value
was $ USD 2.4 bn in 2021, the plan for 2030 is $ USD 6.4 bn. Nanoparticles are nanoscale objects
(1-100 nm) possessing a complex of valuable properties, which are determined by their size and
shape. Nanoparticles differ in their physical, chemical, physicochemical, biological properties

from materials of the same chemical structure in micro- and macro-forms.
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New properties of nanoparticles are associated with their small size, which affects
nanomaterial surface, its mechanical strength, the ability of nanoparticles to overcome
physiological barriers, exhibit unique biocidal, optical-colouristic, electrical, magnetic,
quantum, catalytic properties. All the properties nanoparticles possess, they relay, to a greater
or lesser extent, to the substrates into which they are volumetrically or superficially
incorporated [2].

Methods of nanoparticle production

Nanoparticles appear naturally and artificially; there are two main schemes of their
appearing:

- "top-down" by crushing massive material using various physical methods (vacuum,
laser, sublimation, etc.);

- "down-up" by associating atoms or molecules into nanoscale associations.

The second scheme is characteristic of the formation of various nanostructures in nature
and is close to the phenomena of colloidal chemistry. It is often implemented in man-made
nature-like nanotechnologies [5].

Production and use of noble and heavy metal nanoparticles in textile production

Nanoparticles of noble (Ag, Au, Pt) and heavy metals (Fe, Cu, Zn, Tij, etc.) play a special
role among all kinds of nanoparticles.

Nanoparticles of these metals show very high biocidal (antimicrobial, antiviral) properties
of a wide range action additionally to the positive properties of all nanoparticles. Also, they
show quantum effects - acquire colour in a wide range of spectrum depending on the size and
shape of particles.

Nanoparticles of noble and heavy metals as well as nanoparticles of other types can be
produced by chemical, physical expensive and complex methods, as well as by "green" -
environmentally friendly methods (Fig. 1).

{ Synthesis of metal nanoparticles ]

'
l J' [ Em‘ironmel::liltll}' friendly ]

Ultrasonic Plants
Chemical treatment
reduction I Bacteria
|

l 1 l Laser ablation

Turkevich Br:"“f Particle
Schiffritz growth

Chemical methods Phvsical methods

—

Fungi

Microorganisms
Radiation

Cond t1

Electrodeposition

_{ Sol-gel method ] Pyrolysis

Fig. 1. Classification of synthesis methods for metal nanoparticles [6]
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Silver nanoparticles can be obtained by reduction from aqueous solutions of silver nitrate
under the action of sodium oxalate, thiourea dioxide, sodium dithionite, oxalic acid dialdehyde
(glyoxal), or natural compounds - glucose, ascorbic acid, tannins [7].

The colloidal solutions of nanosilver are proposed to be stabilised by solutions
of polyelectrolytes [8]: polydiallyldimethylammonium chloride, polyguanidine, acrylic
copolymers, sodium alginate, etc. The minimum size of the synthesised silver particles is typical
for glyoxal-polyguanidine systems and is 2-4 nm. Antibacterial properties of textile materials
treated with such silver hydrosols, determined by the disc method, are characterised by a zone
of bacterial growth inhibition, which is 14-19 mm with respect to Escherichia coli,
Staphylococcus aureus, 3-7 mm with respect to Candida albicans [9]. The proposed
formulations are intended for the treatment of medical linen as well as protective masks.

An original, environmentally friendly, nature-based biosynthesis using biopolymers,
polysaccharides, has been used to create bandages [10].

Polysaccharides due to their chemical structure (presence of a large number of functional
hydroxyl, semi-acetal groups) are able to reduce cations of metal salts (precursors) to the zero-
valent atomic state, which further associate to nanoscale formations of metal nanoparticles:

MeA 2 Me™ + A"~

reduction .0
Me™ ——— Me” - [nMe°] - NPMe

The biopolymer (polysaccharide) in hydrogel form fulfils three functions simultaneously:

1. Bioreactor is a platform where the reduction reaction of metal cations to atomic
neutral state, association of atoms to nanoscale formations (metal nanoparticles) takes place.

2. A bioreductant possessing functional groups is capable to redox reactions.
Bioreductants reduce cations to neutral atoms by oxidising themselves.

3. Colloidal stabilisers of the formed nanodispersion.

Both polysaccharides and proteins of natural fibres can act as bioreductors of metal
cations. In this case, metal nanoparticles are formed directly on textiles made of natural
cellulose and protein fibres.

Metal nanoparticles obtained by biosynthesis can be used for the production of medical
and antimicrobial textiles, etc.: water and air purification, organic catalysis, agriculture, new-
generation packaging materials, and modern optics.

Using nanotechnology and nanoparticles in the production of a new fiber generation
with special properties [11].

Production of nanoscale diameter fibres.

This technology is based on the principle of jet dispersion (splitting) of a viscous solution
or melt of a fibre-forming polymer under pressure passing through a constant electric field.
The resulting polymer jets are formed into nanofibres. Indeed, this method

(electrospinning/electroforming) can produce nanofibres from all fibre-forming natural [12]
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and synthetic polymers [13]. The most important issue is to convert these polymers into a
viscous solution or melt.

A number of firms produce machines for production of different chemical nature
nanofibres [14].

Nanofibres are used as a platform in regenerative medicine in the form of nonwoven
materials, in wound-healing applications [15, 16], in the production of filtration (liquid, gas)
materials [17]. Such materials are particularly effective in purification of liquid and air from
pathogenic harmful microorganisms and viruses.

Filling in the production of chemical fibres with nanoparticles to provide them with
special properties [18].

If nanoparticles of different nature and with different properties are introduced into
viscous solutions or melts before their passage through the dies of spinning machines, the
nanoparticles will transfer their properties to the nanofilledfibre. A composite fibre will be
formed with nanoparticles as the main substance of the fibre-forming polymer and filler. This
is a volumetric distribution of nanoparticles in the fibre.

Thus, fibres can be provided with increased strength, biocidal [19], magnetic, electrical,
photoactive, superhydrophobic [20], flame retardant [21, 22], and other properties. In this fibre
production technology, there are problems in passing the composition through the dies of the
spinning machine.

It is possible to implement nanoparticle treatment at a later stage of chemical fibre
production, namely at the oiling stage, by introducing nanoparticles into the composition of
the oiling agent. In this case, the nanoparticles will be deposited on the fibres surface, and it will
be necessary to ensure their high adhesion to the fibres for a permanent effect.

The use of nanotechnology and nanoparticles directly in the finishing industry to

provide textiles with special properties.

Nanotechnology and nanoparticles are widely used in textile production. It occurs mainly
in the final finishing stage (application).

The main properties given to textiles by nanotechnology and nanoparticles in the final
finish are: antimicrobial, UV protection, flame retardancy, water repellency, dirt repellency,
self-cleaning, healing properties.

The antimicrobial finish is mainly provided by silver and copper nanoparticles using
different nanotechnologies (ready-made nanoparticles are applied to the textile and fixed,
nanoparticles are synthesised directly on the textile).

- Protection against UV degradation using titanium dioxide and zinc oxide nanoparticles
with high photoactivity [23].

- Adding softness to textiles using nanoemulsions [24].

- Water repellent and oil repellent properties using nanohydrophobisers and nano oil
repellents [25].
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Microencapsulation of functional substances for textile finishing.

Design of nano- and micro-containers for encapsulation of functional substances
is a significant trend in the science-based nanotechnology. Microencapsulation is the process
of encapsulating a functional substance in a shell protecting it from evaporation, contamination
and other environmental influences. It allows the substance to be released in a prolonged
manner [26, 27]. The microencapsulation of textile auxiliaries is special reaction.

There are various methods of microencapsulation [28-33]: physical [34, 35], chemical
[36-39], and physicochemical [40, 41] ones.

Spray drying is an example of physical methods used for essential oils microencapsulation
[42]. Acacia gum, chitosan, etc. are used to form the architecture of the capsule shell. [43].
A common method of encapsulating hydrophobic drugs into water-soluble polymers is the
emulsification and solvent removal method [44-48].

Physicochemical methods include simple [49-50] and complex coacervation [51, 52],
as well as the molecular inclusion method [53]. The shell-forming polymers in these methods
are starch, chitosan, acacia gum, gelatin, and gummiarabic. The core material is oils and
colouring agents. f-cyclodextrin is most commonly used for molecular inclusion.

Chemical methods for producing microcapsules consist of synthesising the architecture
of the capsule shell around the core by polymerisation or polycondensation of shell-forming
substances.

The in situpolymerisation process was one of the first proposed chemical methods for the
synthesis of microcapsules. It is also actual nowadays [54] and includes emulsion, suspension,
precipitation or dispersion polymerisation, and interfacial polycondensation [39]. In this case,
direct polymerisation occurs on the surface of a solid particle or droplet; it proceeds at the
liquid-liquid, solid-liquid, liquid-gas, or solid-gas interface with the formation of a capsule shell
architecture.

In situpolymerisation occurs place in oil-in-water emulsions, which allows the formation
of microcapsules with a hydrophobic core immiscible with water. It results in spherical,
reservoir-shaped microcapsules with smooth, transparent, strong, and pressure-sensitive shells.
This method is the simplest one. The formation of emulsions can be accelerated by various
physical effects, such as ultrasound [55].

In 1959, the interfacial polymerisation method was first discovered as an alternative to
the  high-temperature, low-pressure melt polymerisation technique.  During
microencapsulation by interfacial polymerisation, one of the monomers is dissolved in an
aqueous phase and the other in an organic lipophilic solvent. Both monomers react at the
droplet interface to form a polymeric membrane, the shell of the microcapsule. The core
material can be hydrophobic or hydrophilic. Four main types of polymers are used for shell
synthesis by this method: polyamides (reaction of diamines and bidentate chlorides),
polyurethanes (reaction ofdiisocyanates and diols), polyureas (reaction of diamines and
diisocyanates), and polyesters (reaction of bidentate chlorides and diols). The formation
of polymer shell architecture at the interface involves complex unexplored mechanisms.

The main methods of interfacial polymerisation involve working with the following
systems: liquid-solid, liquid-liquid, or liquid-in-liquid (emulsions), monomers can contain
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either one or both liquid phases. The technology has an important disadvantage of

non-equilibrium process, which complicates the control and affects the course of the reaction.

Chemical methods also include the synthesis of polyelectrolyte nanocapsules:
the "Layer-by-layer” method - electrostatic self-assembly, which was proposed by scientists
of the Max Planck Institute in 1998 [56]. The "Layer-by-layer" (LbL) method was first used to
form monolayer ultrathin polymer films on a macroscopic substrate. In 1966, the authors of
[57] proposed to use alternating adsorption for film assembly. In 1991, Decher et al. reviewed a
method for the preparation of polyelectrolyte films, which consists of one-by-one adsorption
of polycations and polyanions on a substrate [58].

In 1998, the technology was successfully transferred to surface nanoengineering
of micron and submicron-sized nuclear particles by alternating polyelectrolytes having
opposite charges [59]. Although electrostatic interactions are the main driving force of LbL
deposition, polyelectrolyte capsules are also synthesised based on covalent [60-61], dispersion
[62], and guest-host interactions [63], which exhibit unique properties.

Polyelectrolyte shells can be formed on both colloidal particles and templates. These can
be inorganic or organic particles ranging in size from 20 nm to tens of microns, micro- and
nanocrystals of drugs or dyes, compacted DNA, protein aggregates and biological cells [64].
Calcium [65] and manganese carbonates [65], calcium phosphate [66], silicon oxide particles
[67], polymer microparticles, for example, based on melamine formaldehyde resin [68] are used
as templates.

A capsule shell of different architecture is formed on templates. It is determined by the
properties of oppositely charged polyelectrolytes, formation conditions, and the number
of layers. It is also possible to synthesise shells with different thickness and morphology by
varying the conditions of shell synthesis: pH, ionic strength and nature of polyelectrolytes,
their concentration, charge density of the polymer chain and molecular weight.
Natural (polysaccharides, chitosan, gum) and synthetic polyelectrolytes
(polydimethyldialylammonium  chloride, polyacrylic acid, polystyrene sulfonate,
polyallylamine, etc.) are used in encapsulation processes. Their choice depends primarily on the
purpose of the encapsulated substance. Natural biocompatible polymers are used for medical
purposes [69], and synthetic polymers for technical purposes [70].

Once the shell is fully formed, the templates are most often removed by dissolution with
substances which properties are determined by the chemical properties of the particle.
If degradable templates are used, the nuclei can be removed not only by dissolution, but also by
decomposition with the use of proper physicochemical methods, pH change, heat treatment.
Weakly cross-linked melamine formaldehyde (MF) particles were initially used most
intensively as matrices for the fabrication of hollow polyelectrolyte capsules. However,
they dissolve at low pH or in water-miscible organic solvents such as dimethyl sulfoxide.
Incomplete removal by MF of oligomers formed during dissolution and their biohazard have
severely limited the applicability of these nuclei [71]. Biodegradable polymeric microparticles,
such as polylactic acid copolymers, easily overcome the disadvantages of MF but pose other
limitations such as polydispersity and tendency to aggregate [72]. Conventional inorganic cores
such as silicon oxides can be completely dissolved, but with the dangerous hydrofluoric acid
only [73].
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Nevertheless, even biological cells, such as red blood cells as matrices for LbL assembly,
are not veryappropriate because the removal of the nucleus occurs using strong oxidising agents
[74]. Each of these considered templates has its own application limitations and is not well
suited for LbL technology.

Calcium carbonate is the most environmentally friendly and is considered a safe material
to introduce into a biological system. It has been proven to be completely removed without any
residual elements in polyelectrolyte capsules [73].

When CaCO; particles are used as degradable templates for the assembly of multilayer
polyelectrolytes using the LbL method, the subsequent removal of the template is performed by
acetic acid or a chelating agent, resulting in the complete removal of calcium carbonate from
the core [75].

Ethylenediaminetetetraacetic acid (EDTA) is more commonly used to dissolve calcium
carbonate [76]. The released volume is filled with a functional substance. This encapsulation
technique is suitable for water-soluble functional substances such as proteins, biologically active
compounds, and pharmaceuticals [77].

The process of capsule formation on colloidal particles uses aromatic essential oils [78],
fat-soluble vitamins [79], medicinal substances [80], and repellents [81] as functional
substances.

The authors of [82] provide the following classification of microcapsule applications
for functionalisation of textile materials and products (Fig. 2). The application possibilities
of microencapsulated textile auxiliaries are quite wide: from materials characterised by one
simple function to imparting polyfunctional properties to fabrics.
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Fig. 1. Using microcapsules for textile functionalization [82]
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Natural focal infections transmitted by ixodal ticks (tick-borne transmissible infections -
BTIs) are a serious public health problem. The reasons are: their widespread expansion on the
territory of Russia and in the world, the mass incidence of diseases, etiological diversity,
high frequency of mixtforms, severity of course and outcomes, increasing number
of anthropurgic foci in suburbs and on the territory of cities. Population or individual defence
methods protecting humans from contact with vectors, and therefore from any vector-borne
infection, are not widely used for a number of reasons [83-85].

The dangerous disease can be prevented by several preventive measures: anti-tick
treatment of dangerous areas in endemic territories, vaccination of the population against
tick-borne viral encephalitis (TSE), emergency immunoprophylaxis for persons affected by tick
bites, and the use of protective equipment against ticks [86].

We have developed an encapsulation technology for acaricide-repellent preparations.
The capsule core includes alphacypermethrin dissolved in non-toxic oil solvent. The capsule
shell architecture is made of polydimethyldialylammonium chloride and acrylic copolymer
of acrylic, methacrylic, maleic acids, and their salts. We obtained a stable dispersion
of microencapsulated acaricide-repellent preparation with particle size from 30-300 nm
depending on the number of layers in the shell composition [87]. Suits treated with such a
preparation ("Barrier-Insecto U") have been tested in the conditions of the natural focus of viral
tick-borne encephalitis in natural biotopes of the Irkutsk region and Khanty-Mansiysk
Autonomous Okrug. They provide high protection against tick vectors (protective action
coefficient (PAC) against ticks = 98.2%) [88, 89].

Microcapsules with essential oils or flavouring compounds of other nature included in
the core are used for flavouring of textile materials. Such microencapsulated preparations are
able to gradually release active ingredients through permeable shells [90]. If the shell is formed
by interfacial polymerisation, the release of the fragrant substance occurs as a result
of mechanical action, for example, by friction during wear of the product. The method
of immobilisation of filled capsules on textile material plays an important role for creating
permanent fragrant finishes [91-93].

Most aromatic substances have several beneficial properties including therapeutic,
pharmaceutical and antimicrobial ones [94]. Citrus, lavender, rose or vanilla fragrances
encapsulated in fabric lead to well-being and have important psychological and emotional
significance for humans, while peppermint and lemon oil have a high sedative effect, lavender
and rosemary contribute to a person's recovery from influenza. The use of natural encapsulated
oils immobilised on textile material is beneficial to human health, and is characterised by
minimal negative effects [95]. Aromatherapy type of finishing is proposed for bed linen,
sportswear, socks, women's textile accessories. Aromatherapy is the most well-known and
widely used method among alternative approaches to the treatment of diseases [96].

Textile materials containing substances with a variable phase state capable of exhibiting
thermoregulating properties in a certain temperature range are of particular interest. One of the
most actual ways to impart thethermoregulating properties to textiles is the application of
special coatings on the surface of fibres or products, which is based on the use of a composition
containing microcapsules containing substances that have the ability to phase transition [97].
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These include paraffin waxes and linear chain hydrocarbons, which have the ability
to store heat and are capable of phase transition at temperatures close to human body
temperature. Furthermore, some naturally occurring organic oils as well as fatty acids are not
only substances capable of storing and releasing heat under certain conditions, but also have
many other useful properties. These advantages make them effective for the production
of microcapsules based on them and applications for imparting thermoregulatory properties
to textile materials [98, 99].

For instance, for encapsulation it was proposed to use coconut oil, which has the ability
to phase transition. This substance is available and inexpensive, safe for the skin, harmless
to the environment, etc. It makes it favourable for introduction into the core of the
microcapsule [100, 101].

For obtaining textile materials with a long-term thermo-regulating effect resistant
to washing and other chemical-physical effects, the appropriate design of shell-forming
components is an important aspect of the microencapsulation process. It is necessary to select
substances which ensure a high shell strength to prevent premature release of the active
ingredient from the capsule on the textile material, which could reduce the finishing technical
results. The use of urea and low-formaldehyde precondensates of thermosetting resins
(Otexid D-2, Otexid NF), which also act as microcapsule stabilisers, has been proposed.
We have selected acidic catalysts providing a more complete course of the shell formation
reaction (acetic acid, magnesium chloride 6-aqueous). We tested auxiliary stabilisers for the
obtained microcapsules: PVA and salicylic acid, which are the most widely known in the
production of medical preparations. We used Tween 80 for emulsification of coconut oil,
which is used in biomedical development and cosmetology [102, 103].

There are several methods of applying microcapsules to textile materials. One of the most
common methods is the incorporation of the capsules into the fibre during the electrospinning
process. Two methods of immobilising microcapsules onto textile material are more accessible
in the finishing industry: by impregnation in the resulting dispersions or by printing. The
impregnation and printing compositions with inclusion of microcapsules based on acrylic
thickener and Ruzin-14I binder are effective [104, 105]. These application methods are easy to
implement and are cost-effective.

Conclusion

Nanotechnology and nanoparticles as well as nano- and microcapsules are widely used
in the global practice of fibres, textiles, and special purpose products. The nanotechnology
principles make it possible to produce textiles and textile products with special properties
for different areas of use: home textiles, clothing, army uniforms, medical textiles, sports
textiles, technical textiles, etc.
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Introduction

Bisphenols are widely used as monomers for polyimides, polyamides, polyesters,
polycarbonates, epoxy resins, and coatings [1, 2]. Therefore, the development of methods
for the new bisphenols synthesis is an urgent task.

One of the economically feasible ways to produce bisphenols is the oxidative dimerisation
reaction, which has been known to experts for a long time. Various variants of bisphenol
synthesis using sodium hypochlorite [3], di-fert-butyl peroxide [4], hydrogen peroxide
in the presence of peroxidase [5], oxygen in the presence of cobalt (II) tetraphenylporphyrin or
its derivatives [6], copper complexes with amines [7], etc. have been described in the literature.
FeCl5-6H,0 and Ks[Fe(CN)s] are also known to be efficient, cheap, and widely used reagents for
the oxidative dimerisation of phenols [8-10]. The use of these one-electron oxidants often
provides high yields of target products, and may be suitable for large tonnage synthesis [11, 12].

Main body

In order to obtain known, but difficult to obtain and new bisphenols not described in the
literature, we propose two variants of conducting the oxidative coupling reaction of phenols
using potassium ferricyanide Ks[Fe(CN)s] and iron (IIT) chloride hexahydrate (IIT) FeCls-6H-O.

© V. V. Bukhalin, V. L. Baklagin, I. G. Abramov, 2023
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We used both variants phenols 1a-g as substrates in containing substituents in positions
2 and 4 of the benzene ring. These substituents prevent the oxidative coupling reaction from
proceeding, and the only available reaction centre was actually a carbon atom in position 6 of
the benzene ring, which is in accordance with the results published in [14]. We conducted the
reaction at room temperature according to the scheme shown in Fig. 1.

R,
% o
K%[P e(CN)g] Kill* e(CN)g]
~(cmy),c-0, (CHp,c-0, oH
NH;, H,0 NH;, H,O0
OH R; R,
3f.g la-g 2a-¢ 3a-e

a: Ry = allyl, R, = OCHj; b: R, = p-tolyl, R, = CHj; ¢: R; = m-tolyl, R, = CHj;
d: R; =R, = CH;: e: R; = t-Bu, R, = 5-norbornene-endo-2,3-dicarboximide;
f: Ry =CHO, R, = OCHjy; g: Ry =CHO, R, = OC,Hj

Fig. 1. The reaction scheme of 2,4-disubstituted phenols oxidative coupling under the action of potassium
ferricyanide in alkaline medium

Due to the low water solubility of the initial phenols and target products, we conducted
the reaction in an acetone-water mixture with the presence of ammonia. Potassium ferricyanide
was still soluble under these conditions, and showed maximum activity. Moreover, the addition
of acetone to the reaction mixture promoted better solubility of initial substrates, and formed
target compounds, as well as the course of the reaction in homophase medium without heating.

Therefore, taking into account all the above-mentioned limitations, we add the oxidant
to the reaction mixture in small portions, waiting until the ferrocyanide K4[Fe(CN)s] was
formed during the reaction. Indeed, on account of its low solubility in aqueous acetone, it did
not precipitate out of the reaction mixture.

We monitored the progress of the reaction by TLC. At the end of the reaction
the precipitate of potassium ferrocyanide and by-products was filtered off, the filtrate was
acidified with hydrochloric acid to pH=1.

Unfortunately, a waxy mass of yellow colour was formed as a result of side reactions,
which could not be fully identified. According to the results of our studies, in agreement with
literature  data, this waxy mass includes oxidation by-products, mainly
dihydrodibenzofuranones 3a-e, as well as insignificant amounts of the initial phenols 1a-e [15, 16].

It was not possible to conduct the oxidative coupling of vanillin 1f and ethylvanillin 1g
using potassium ferricyanide under the conditions above. The reason is that potassium
ferricyanide in alkaline medium is able to oxidise aromatic aldehydes to the corresponding
carboxylic acids 3f-g, which makes it impossible to use it for the oxidative coupling of vanillin
1f and ethylvanillin 1g containing a formyl group [13].

The oxidative coupling of vanillin 1f and ethylvanillin 1g to the corresponding bisphenols
2f,g was successfully performed by using iron (III) chloride hexahydrate FeCl;:6H,O as oxidant
(Fig. 2).
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FeCl, « 6H,0

P .
—FeCl, oH
R2
oH H R

1f5g [0}
f: R, =0CH;3; g: R, = 0C,H;

Fig. 2. Scheme of the oxidative coupling reaction of 2,4-disubstituted phenols under the action of iron (III) chloride
in aqueous solution

The best results were obtained by heating the starting phenols 1f,g in aqueous iron (III)
chloride solution at 60-70 °C for several hours. When the reaction was completed, the product
precipitated from the reaction medium was filtered off, washed with hot water to remove
unreacted phenol, and then dissolved in an aqueous solution of alkali. Precipitated iron (II) and
(IIT) hydroxides were filtered off and the filtrate was acidified with HCI to pH=1.

We also failed to conduct oxidative dimerisation of 2,6-disubstituted phenols 5a,b in the
presence of potassium ferricyanide. The formation of quinol esters I apparently occurred under
the chosen conditions, which were further rapidly rearranged into the corresponding 4-
hydroxydiphenyloxides II and further oxidation yielded the corresponding polyphenylene
esters ITI [12] (Fig. 3).

OH

R R KalFe(CN)g] \©/ \@ Q
2

et @Q

Fig. 3. Scheme of side reactlons occurring during oxidative couphng of 2,6-disubstituted phenols in the presence

of potassium ferricyanide

Therefore, iron (IIT) chloride hexahydrate FeCl;-6H20 was used as an oxidising agent for
the synthesis of biphenyl-4,4'-diols 5a,b (Fig. 4).

OH

Ry R: FeCly-6H,0 FeCly+6H,0
R —FeCl, - FeCl,
4a,b
Sab T Zn, AcOH ‘

a: R] =R2=CH3,R3=H; b: Rl =R2=R3=CH3
Fig. 4. Schematic of the oxidative coupling reaction of 2,6-disubstituted phenols
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We found that conducting the oxidative coupling of 2,6-disubstituted phenols 4a,b in the
presence of a 3-fold excess of iron (III) chloride allows us to obtain significantly higher yields
of side (in our case, intermediate) diphenoquinones 6a,b than when using 0.5 mol FeCl;-6H,O
per 1 mol phenol, as proposed in [14].The reason for this is that with excess oxidant, the
bisphenols 5a,b formed under the selected conditions were further oxidised and converted to
the thermodynamically stable quinoid form 6a,b. Subsequent reduction of the carbonyl
function by treatment of the isolated diphenoquinones 6a,b with zinc in acetic acid with high
yield allows us to obtain the target substituted biphenyl-4,4"-diols 5a,b.

The substituted 2,2'-biphenyldiols obtained are promising for the preparation of new
heterocyclic systems. They were not described in the literature, and on the basis of substituted
4,4'-biphenyldiols it is possible to obtain polyetherimides with new properties.

Experimental part

IR spectra were recorded on a PerkinElmerRX-1 FTIR spectrometer at 700-4000 cm™ (KBr).

"H NMR spectra were recorded on a BrukerDRX-400 instrument for sample solutions in
DMSO-ds at 30 °C. The signals of residual solvent protons in proton spectra (812.50) were used
as a reference for chemical shifts.

Phenols 1a-d,f,g and oxidants are commercially available. Phenol le was prepared
by condensation of endic anhydride with commercially available 2-amino-4-tret-butylphenol
according to the known procedure [17].

Oxidative dimerisation of 2,4-disubstituted phenols in the presence of (Ks;[Fe(CN)e)
(general procedure). 0.012 mol of phenol, 15 ml of water, 35 ml of acetone and 45 ml
of ammonia were added to a flask equipped with a stirrer. Equimolar amounts of potassium
ferricyanide were added to the reaction mixture in portions over 40 minutes after dissolution
under vigorous stirring. The reaction was conducted at room temperature for 15 hours.
We monitored the progress of the reaction by TLC. The flask contents (potassium ferrocyanide
and alkaline insoluble precipitates) were filtered off at the end of the reaction, and the filtrate
was acidified to pH=1. The precipitate was filtered off, washed with excess water, and dried in air.

3,3'-dimethoxy-5,5'-di(prop-2-en-1-yl)diphenyl-2,2"-diol (2a): Light beige powder.
Yield 50%, Tere = 145-147 °C. IR (Vmax, KBr): 3273 (OH), 1637 (C=C), 1246 (OCH3). Found, %:
C, 73.63; H, 6.83. C;0H»0,. Calculated, %: C, 73.60; H, 6.79. '"H NMR (400 MHz, DMSO-dp)
8, ppm.: 3.26 (1, ]=6.59 Hz, 4 H, C(5, 5’)CH.), 3.67 (s, 6 H, C(3, 3)OCHs), 4.96-5.11 (m, 4 H,
C(5, 5)=CH,), 5.94 (ddt, J=16.98, 10.01, 6.78, 6.78 Hz, 2 H, C(5, 5)=CH), 6.57 (s, 2H,
C(4, £)H), 6.61-6.63 (m, 2 H, C(6, 6)H).

4,4”,5’,5”-tetramethyl-1,1":3',1":3",1""-quaterphenyl-4',6"-diol (2b): A beige powder
with a greenish tinge. Yield is 74%. IR (Vmax, KBr): 3519 (OH), 1177 (Ca-OH). Found, %:
C, 86.04; H, 6.83. C:sH160,. Calculated, %: C, 85.25; H, 6.64. '"H NMR (400 MHz, DMSO-dp)
S, ppm.: 2.33 (s, 12 H, C(4, 5°, 4™, 5”)CHa), 7.37 (d, 4 H, J=7.03 Hz, C(3’, 5’, 3", 5”)H), 7.49 -
7.62 (m, 8 H, C(2, 6,2, 6, 2", 47,2, 6”,)H), 8.02 (s, 2 H, OH).

3,3",5",5"-tetramethyl-1,1":3",1"":3",1""-quaterphenyl-4',6"-diol (2c): Green coloured
oil. Yield is 20%. IR (Vma, KBr): 3515 (OH), 1174 (Ca-OH). 'H NMR (400 MHz, DMSO-ds)
8, ppm.: 2.34 (s, 12 H, C(3, 5, 3™, 5”*)CH3), 7.15 (m, 2H, C(4, 4”)H), 7.31 (t, ] = 7.65 Hz, 2 H,
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C(5,57)H), 7.54 (m, 2 H, C(6, 6")H), 7.59 (s, 2 H, C(2, 2”")H), 7.68 (s, 2 H, C(6’, 4”)H), 7.72
(s,2H, C(2’,2”)H).

3,3',5,5'-tetramethylbiphenyl-2,2'-diol (2d): Beige powder. Yield is 83%. IR (Vmax, KBr):
3280 (OH), 1175 (Ca-OH). Found, %: C, 79.39; H, 7.33. CisH30,. Calculated, %: C, 79.31;
H, 7.49. '"H NMR (400 MHz, DMSO-de) 6, ppm.: 2.19 (s, 6 H, C(3, 3")CH,), 2.21 (s, 6 H,
C(5, 5')CHs), 6.79 (s, 2 H, C(4,4)H), 6.90 (s, 2 H, C(6, 6)H), 8.13 (s, 2 H, C(2, 2")OH).

2,2'-(5,5"-di-tert-butyl-2,2'-dihydroxybiphenyl-3,3'-diyl)bis(3a,4,7,7,7a-tetrahydro-
1H-4,7-methanoisoindole-1,3-dione) (2e): A light beige powder. Yield is 28%. IR (Vi KBr):
3472 (OH), 1709 (C=0 mmun), 1181 (Ca-OH). Found, %: C, 74,23; H, 5.53; N, 4.65. C3sH4N,O.
Calculated, %: C, 73.53; H, 6.50; N, 4.51. NMR 'H (400 MHz, DMSO-ds) §, ppm.: 1.38 (br.s., 18
H, C(5,5’)t-Bu), 1.60 (m, 4 H, C(4*, 7¥)CH.), 3,42 (m, 8 H, C(3*a, 4*)H), 6.20-6.30 (m, 4 H,
C(5*, 6Y)H), 6.95 (br.s., 2 H, C(1, I")H), 7.73 (br.s., 2 H, C(6, 6)H), 8.24 (br.s., 2 H, C(6,9)H).

Oxidative dimerisation of 2,4-disubstituted phenols in the presence of iron (III)
chloride hexahydrate FeCl;-6H,O (general procedure). 0.024 mol of phenol and 40 ml of water
were added to a flask equipped with a stirrer and a reflux condenser; the reaction mixture was
heated to 60-70 °C, and kept for 15-20 minutes until phenol was completely dissolved.
0.028 mol FeCl;-6H,O in solid form or as an aqueous solution was added to the reaction mixture
after dissolution under vigorous stirring. The reaction mixture was intensively stirred at
90-100 °C for 2-4.5 hours depending on the nature of the initial phenol. We monitored the
progress of the reaction by TLC. We cooled the contents of the flask to room temperature at the
end of the reaction, and filtered the precipitate. The precipitate was washed with excess hot
water to dissolve unreacted phenol, after which the product was dissolved in concentrated
NaOH solution, filtered from iron hydroxides. The filtrate was carefully acidified with
concentrated hydrochloric acid. We filtered the precipitate and washed with excess water
(3x50 cm?®). We air-dried the isolated target products 2f,g.

6,6'-dihydroxy-5,5"-diethoxybiphenyl-3,3'-dicarbaldehyde(2f): Brown powder. Yield is
52%. Tmee = >300 °C. IR (Vinaw KBr): 3349 (OH), 1680 (C=0), 1276, 1250, 1152 (Car-OC,Hs).
Found, %: C, 66.03; H, 5.83. C;sH30s. Calculated, %: C, 65.45; H, 5.49. NMR 'H (400 MHz,
DMSO-ds, J/Hz) 8, ppm.: 1.39 (t, ] = 7.10 Hz, 6 H, C(5, 5")CHs), 4.10-4.33 (m, 4 H, C(5, 5')CH.),
7.79 (s, 2 H, C(4, 4)H), 7.85 (s, 2 H, C(2, 2")H), 10.00 (s, 2 H, C(3, 3" )CHO).

6,6'-dihydroxy-5,5'-dimethoxybiphenyl-3,3'-dicarbaldehyde(2g): Brown powder.
Yield is 54%. Tmee = >300 °C. IR (Via, KBr): 3236 (OH), 1670 (C=0), 1256, 1145 (Ca-OCHs).
Found, %: C, 63.89; H, 4.83. C;sH1,0s. Calculated, %: C, 63.57; H, 4.67. '"H NMR (400 MHz,
DMSO-de) §, ppm.: 3.88 (s, 6 H, C(5, 5)OCHSs), 7.61 (s, 2 H, C(4,4)H), 7.79 (s, 2 H, C(4, 4)H),
7.91 (s, 2 H, C(2, 2))H), 10.02 (s, 2 H, C(3, 3)CHO).

Oxidative dimerisation of 2,6-disubstituted phenols in the presence of iron (III)
chloride hexahydrate FeCl;-6H,O (general procedure). We added 0.024 mol of finely ground
phenol, 40 ml of water and heated the contents of the flask to 40-80 °C depending on the nature
of the phenol in a flask equipped with a stirrer and a reflux condenser. We added 0.065 mol
FeCl3-6H,O (w = 16%) to the reaction mixture 10-15 min after partial dissolution of phenol, and
continued stirring at 40-80 °C for 2.5 hours. We monitored the progress of the reaction by TLC.
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We cooled the contents of the flask to room temperature at the end of the reaction, and filtered
the precipitate. We air dried the diphenoquinones 6a,b isolated in 77-84% yields.

To obtain the target products 5a,b, we added a threefold excess of zinc dust to
diphenoquinones suspended in hot acetic acid. We filtrated the reaction mass from zinc dust
after one hour, poured the filtrate into 50 cm?® of water, and left it for the crystallisation.
We filtered the precipitate and washed it with excess water (2x50 cm?). The target products
obtained in yields of 26-39 % of theory were air dried.

3,3’,5,5’-tetramethyl-[1,1'-biphenyl]-4,4'-diol (5a): Yield: 39%. IR (Vma) oM
3368 (OH), 1192 (Ar-OH). Found, %: C, 80.10; H, 8.33. C;cH;50,. Calculated, %: C, 79.31; H,
7.49. '"H NMR (400 MHz, DMSO-ds) §, ppm.: 2.18 (s., 12 H, C(3, 5, 3’, 5)CHs), 7.39 (s, 4 H,
C(2,6,2,6)H).

2,2’,3,3’,5,5-hexamethyl-[1,1'-biphenyl]-4,4"-diol (5b): Yield 26%. IR (Vmax) cm™
3516 (OH). Found, %: C, 78.90; H, 9.44. C;sH»0,. Calculated, %: C, 80.56; H, 7.51. 'H NMR
(400 MHz, DMSO-de) 8, ppm.: 1.94 (s, 6 H, C(2, 2’)CHj), 2.02-2.10 (m, 12 H, C(3, 5, 3’, 5")CH),
7.12 (s, 2 H, C(6, 6))H).

3,3’,5,5’-tetramethyl-1,1'-bi(cyclohexa-2,5-dien-1-ylidene)-4,4'-dione (6a): Yield 84%.
IR (Vmax) cm: 1636 (C=0). Found, %: C, 78.98; H, 6.84. CisH;c0,. Calculated, %: C, 79.97;
H, 6.71. '"H NMR (400 MHz, DMSO-d¢) §, ppm.: 1.90 (s, 12 H, C(3, 5, 3, 5°)CH3), 6.88 (s, 4 H,
C(2,2,6,6)H).

2,2’,3,3’,5,5-hexamethyl-1,1'-bi(cyclohexa-2,5-dien-1-ylidene)-4,4'-dione (6b): Yield
77%. IR (Vmax) cmt: 1633 (C=0). Found, %: C, 78.91; H, 6.98. C,sH»0,. Calculated, %: C, 80.56;
H, 7.51. 'H NMR (400 MHz, DMSO-ds) 8, ppm.: 1.91 (s, 6 H, C(2,2’)CH3), 2.05-2.10 (m, 12 H,
C(3,5, 3, 5)CHs), 6.78 (s, 2 H, C(6, 6)H).

References

1. Noszczynska, M. & Piotrowska-Seget, Z. (2018) Bisphenols: Application, occurrence, safety, and
biodegradation mediated by bacterial communities in wastewater treatment plants and rivers, Chemosphere,
201, pp. 214-223. DOI: 10.1016/j.chemosphere.2018.02.179.

2. Abramov, I.G., Baklagin, V.L., Bukhalin, V.V., Maizlish, V.E. & Rassolova, A.E. (2022). Synthesis of
substituted aryloxyphthalonitriles based on 4-chlorophthalonitrile and 4,5-dichlorophthalonitrile, From
Chemistry Towards Technology Step-By-Step, 3(4), pp. 102-109. DOI: 10.52957/27821900_2022_04_102
[online]. Available at: http://chemintech.ru/index.php/tor/2022-3-4 (accessed 10.09.2023).

3. Neelamegam, R., Palatnik, M.T., Fraser-Rini, J., Slifstein, M., Abi-Dargham, A. & Easwaramoorthy, B.
(2010) Dimerization of phenols and naphthols using an aqueous sodium hypochlorite, Tetrahedron Lett.,
51(18), pp. 2497-2499. DOI: 10.1016/j.tetlet.2010.02.173.

4. Armstrong, D.R., Cameron, C., Nonhebel, D.C. & Perkins, P.G. (1983) Oxidative coupling of phenols. Part
10. The role of steric effects in the formation of C-O coupled products, J. Chem. Soc., Perkin Trans. 2, (5),
pp- 587-589. DOI: 10.1039/P29830000587.

5. Yusnidar, Y., Budi, A. & Cahyana, H. (2015) Syntheses via phenolic oxidative coupling using crude peroxidase
from Brassica juncea (L) Czern leaves and antioxidant evaluation of dimeric thymol, Mediterr. J. Chem., 3(6),
pp- 1100-1110. DOI: 10.13171/mjc.3.6.2015.01.06.12.36.yusuf.

6. Jiang, Q., Sheng, W., Tian, M., Tang, J. & Guo, C. (2013) Cobalt(II)-Porphyrin-Catalyzed Aerobic Oxidation:
Oxidative Coupling of Phenols, Eur. J. Org. Chem., 2013, pp. 1861-1866. DOI: 10.1002/ejoc.201201595.

7. Dekhici, M., Villemin, D., Bar, N. & Cheikh, N. (2021) Aerobic and Biomimetic Activation of C-H Bonds
of Phenols Catalysed by Copper-Amine Complexes, The 25th International Electronic Conference on Synthetic

136


http://chemintech.ru/index.php/tor/2022-3-4

FROM CHEMISTRY TOWARDS TECHNOLOGY i3 11 VOL. 4, ISSUE 4, 2023

10.

11.

12.

13.

14.

15.

16.

17.

Organic Chemistry, 15-30 November 2021. DOI: 10.3390/ecsoc-25-11710 [online]. Available at: https://ecsoc-
25.sciforum.net/

Haemin, G., Daewoo, L., Kwon-Young, Ch., Han-Na, K., Hoon, R., Dai-Soo, L. & Byung-Gee, K. (2017)
Development of High Performance Polyurethane Elastomers Using Vanillin-Based Green Polyol Chain
Extender Originating from Lignocellulosic Biomass, ACS Sustain. Chem. Eng., 5(6), pp. 4582-4588.
DOI: 10.1021/acssuschemeng.6b02960.

Grzybowski, M., Skonieczny, K., Butenschén, H. & Gryko, D.T. (2013) Comparison of Oxidative Aromatic
Coupling and the Scholl Reaction, Angew. Chem. Int. Ed., 52, pp. 9900-9930. DOI: 10.1002/anie.201210238.
De Farias Dias, A. (1988) An improved high yield synthesis of dehydrodieugenol, Phytochem., 27(9),
pp- 3008-3009. DOI: 10.1016/0031-9422(88)80715-5.

Anita, Y., Sundowo, A., Dewi, P.N.L., Filailla, E., Mulyani, H., Risdian, Ch., Banjarnahor, S., Hanafi, M. &
Istyastono, E.P. (2015) Biotransformation of Eugenol to Dehydroeugenol Catalyzed by Brassica juncea
Peroxidase and its Cytotoxicity Activities, Procedia Chem., 16, pp. 265-271. DOI: 10.1016/j.proche.2015.12.049.
Mihailovi¢, M.L. & Cekovi¢, Z. (1971) Oxidation and reduction of phenols, The Chemistry of The Hydroxyl
Group, Part 1, Chap. 10, pp. 505-592. DOI: 10.1002/9780470771259.ch10.

Kalyani, G.A., Jamunarani, R. & Pushparaj, M.F. (2015) Kinetics and Mechanistic Study of Oxidation
of Ethyl Vanillin by Alkaline Hexacyanoferrate(Ill), Asian J. Chem., 27(7), pp. 2583-2586.
DOI: 10.14233/ajchem.2015.18366.

Schmalzl, K.J., Forsyth, CM. & Evans, P.D. (2003) Evidence for the formation of chromium (III)
diphenoquinone complexes during oxidation of guaiacol and 2,6-dimethoxyphenol with chromic acid, Polym.
Degrad. Stab., 82(3), pp. 399-407. DOI: 10.1016/S0141-3910(03)00192-7.

Haynes, C.G., Turner, A.H. & Waters, W.A. (1956) The oxidation of monohydric phenols by alkaline
ferricyanide, J. Chem. Soc., pp. 2823-2831. DOI: 10.1039/JR9560002823.

Sarkar, S., Ghosh, M.K. & Kalek, M. (2020) Synthesis of Pummerer’s ketone and its analogs by iodosobenzene-
promoted oxidative phenolic coupling, Tetrahedron Lett., 61(43), 152459. DOI: 10.1016/].tetlet.2020.152459.
Kan, Zh., Xinye, Y., Yuting, W. & Yuqji, L. (2019) Thermally activated structural changes of a norbornene-
benzoxazine-phthalonitrile thermosetting system: simple synthesis, self-catalyzed polymerization and

outstanding flame retardancy, ACS Appl. Polym. Mater., 1(10), pp. 2713-2722. DOI: 10.1021/acsapm.9b00668.
Received 13.10.2023

Approved after reviewing 20.10.2023
Accepted 31.10.2023

137


https://ecsoc-25.sciforum.net/
https://ecsoc-25.sciforum.net/
https://doi.org/10.1021/acsapm.9b00668

FROM CHEMISTRY TOWARDS TECHNOLOGY Ellagi 114 VOL. 4, ISSUE 4, 2023

Scientific article
UDC 547.867.4

DEVELOPMENT OF A CHROMATOGRAPHIC SEPARATION
METHODOLOGY AND IMPURITY PROFILING

OF 5-(5-TRIFLUOROMETHYL-ISOXAZOL-3-YL)FURAN-2-SULFONAMIDE,
A DRUG CANDIDATE FOR THE GLAUCOMA TREATMENT

S. A. Ivanovsky, I. I. Yaichkov, A. A. Shetnev, M. K. Korsakov

Sergey A. Ivanovsky, Candidate of Chemical Sciences, Associate Professor, Ilya I. Yaichkov, Candidate
of Pharmaceutical Sciences, Scientific Associate, Anton A. Shetnev, Candidate of Chemical Sciences, Associate
Professor, Mikhail K. Korsakov, Doctor of Chemical Sciences, Professor

Yaroslavl State Pedagogical University named after K.D. Ushinsky, Yaroslavl, Russia, s.ivanovskiy@yspu.org
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Introduction

Glaucoma is the leading cause of irreversible blindness. The number of patients expected
to rise from 76.0 million in 2020 to 111.8 million in 2040. Early diagnosis and effective treatment
can reduce the disease progression and prevent irreversible decay of ophthalmic functions [1].

The human carboanhydrase II isoform (HCA II) is known to be a classic target
for the treatment of glaucoma [2-5].

As an extension of our studies on new sulfonamides [6-8], we proposed a drug candidate
based on the molecule 5-(5-trifluoromethyl-isoxazol-3-yl)furan-2-sulfonamide under the project
name B016, which showed high activity by in vitro tests as a KACh II inhibitor [9-11]. Our team
is currently conducting development and preclinical drug studies for the treatment of glaucoma
in the form of eye drops.
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One of the stages of pharmaceutical research is the development of quality control
methods for both the pharmaceutical substance and the finished dosage form. Chromatography
is the main method used in quality control of pharmaceuticals. Therefore, the development
of a chromatographic technique which allows the separation of the target product and all potentially
possible impurities is an urgent task. An equally important task is to establish the structure
of impurities detected during the analysis of substance samples. This makes it possible to assess
the potential toxic effects of impurities, produce and validate standard samples of impurities,
which can then be used in routine quality control of both the pharmaceutical substance and
the finished dosage form.

Main body

Fig. 1 shows the chemical process of substance B016 synthesis.
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Fig. 1. Synthesis route B016

To develop the chromatographic separation technique, we used the sample obtained
in the last stage without further purification.

We have proposed a methodology for the chromatographic separation of the substances
contained in this sample. The main parameters are given in the experimental part. A typical
chromatogram is shown on Fig. 2. This technique allows us to provide acceptable parameters
of components separation (resolution between critical peaks 3.25 and 2.99, respectively).
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Fig. 2. Typical chromatogram of B016 reaction products
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The chromatogram shows occurring of three additional peaks with retention times

of 4.99 min, 11.09 min and 12.18 min, respectively in addition to the main substance peak.

We have marked these impurities as impurity A, impurity B, and impurity C, respectively.
We used the LC/MS/MS method to establish the impurity structure.
Fig. 3 shows the mass spectrum of impurity A at quadrupole Q1 and the decay mass

spectrum of the parent molecular ion at quadrupole Q3.
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Fig. 3. Mass spectra of impurity A
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The main molecular ion M/Z = 546 corresponds to the dimer structure (see Fig. 3). Fig. 4

also shows the structures of the molecular ions formed by the decomposition of the parent ion.
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Fig. 4. Impurity A structure and fragment structures corresponding to the mass spectrum peaks on Q3
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Impurities B and C by their physical and chemical properties are close to the basic

substance. It is logical to assume the formation of these isomers derivatives during

sulfochlorination. And exactly these compounds (impurity B, B016, and impurity C) are critical

pairs at chromatographic separation of the mixture.

Fig. 5 shows the mass spectrum of impurity B at quadrupole Q1 and the decay mass

spectrum of the parent molecular ion at quadrupole Q3.
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The main molecular ion M/Z = 281 corresponds to the structure of 2-(5-trifluoromethyl-

isoxazol-3-yl]furan-3-sulfonamide (Fig. 6). Fig. 6 shows the structures of the molecular ions

formed by the decomposition of the parent ion.
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Fig. 6. Impurity B structure and fragment structures corresponding to the mass spectrum peaks on Q3

Hence, the impurity B is 2-(5-trifluoromethyl-isoxazol-3-yl)furan-3-sulfonamide.
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Fig. 7 shows the mass spectrum of impurity C at quadrupole Q1 and the decay mass

spectrum of the parent molecular ion at quadrupole Q3.
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180 200 220 240 260 280 300
miz, Da

The main molecular ion M/Z = 281 corresponds to the structure of 5-(5-trifluoromethyl-

isoxazol-3-yl)furan-3-sulfonamide (Fig. 8). Fig. 8 shows the structures of the molecular ions

formed by the decomposition of the parent ion.
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Fig. 8. Impurity C structure and fragment structures corresponding to the mass spectrum peaks on Q3

Hence, the impurity C is 5-(5-trifluoromethyl-isoxazol-3-yl)furan-3-sulfonamide.

Experimental part

Reagents and solvents (Aldrich, Acros) are commercially available and were used without

primary purification.

Chromatograms were obtained on a Shimadzu LC-20 Prominence chromatograph.
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The model mixture for chromatography and samples of LS B016 were obtained according
to the method [5].

Analysis procedure for drug B016. Solvent: 140 ml of acetonitrile and 60 ml of water are
put into a conical flask with a lapped stopper; the solution is stirred, filtered, and degassed
(Table 1).

Tested solution. We put about 0.01 g (exact suspension) of the substance into a 5 ml
volumetric flask, dissolved it in 3 ml of solvent, brought the volume of the solution to the mark
with the same solvent, and stirred.

We added 1 ml of the obtained solution to a 50 ml volumetric flask, brought the volume
of the solution to the mark with the same solvent, and mixed. The obtained solution was filtered
through a membrane filter with a pore size not exceeding 0.45 um.

Chromatography conditions (Table 2):

Column Kinetex C18 5um 250x4.6mm or similar;
Suspended phase A deionised water;

Suspended phase B acetonitrile;

Flow rate 1.5 ml/min;

Column temperature 25°C;

Spectrophotometric detector, wavelength 268 nm;

Sample volume 10 ul

Table 1. Gradient elution programme

Time, min Suspended phase A, % Suspended phase B, %
0 70 30
3 70 30
20 45 55
21 70 30

We identified the reaction products using an HPLC-MS/MS system. The system includes
tandem mass spectrometric detector AB Sciex QTRAP5500 (AB Sciex LLC, USA)
and chromatograph Agilent 1260 Infinity (Agilent Technologies LLC, USA), consisting
of pump G1312B, autosampler G1329B with thermostat G1330B, column thermostat
G1316A (instrument control - software "Analyst 1.6.2" (AB Sciex LLC, USA). We used
"MultiQuant 3.0.5" software (AB Sciex LLC, USA) for chromatograms processing, metabolite
prediction and creation of MRM-methods for metabolite identification - "LightSight" 2.3
software (AB Sciex LLC, USA)).

Table 2. Parameters of mass spectrometric B016 and its metabolites detection

Parameters Value
Ionisation method Electrospray ionisation (ESI)
Electric spray voltage +5500 V
Gas screen 55 psi (Nitrogen)
CAD-gas (collision-activated dissociation) High (Nitrogen)
Ion source temperature 700 °C
Gas 1 (Heating gas) 55 psi (Air)
Gas 2 (Gas nebuliser) 55 psi (Air)
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Conclusions and recommendations

We have developed a chromatographic separation technique which allows the quality
control of an active pharmaceutical substance in terms of quantification and related impurities.
This technique provides acceptable separation parameters for the critical components
(resolution between the B and B016 impurity peaks, and the B016 and C impurity peaks 3.25
and 2.99, respectively).

We have established the impurity profile, i.e. the structure of the impurities found
in the reaction product of compound B016 preparation using LC/MS/MS method.

The study was performed within the framework of the state assignment of the Ministry of
Education of the Russian Federation No. 073-00077-21-02 for scientific research on the topic
"Development of an innovative drug for the treatment of open-angle glaucoma by selective
inhibition of carboanhydrase I1" (registry entry No. 730000F.99.1. BVIOAAA00006).
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Keywords: Abstract. The article considers issues concerning the reaction of exocycle opening
phorbines, O-nucleophiles;  in phorbin molecules (on the example of methylpheophorbide a) under the
exocycle uncoupling, O-nucleophiles - water and alcohols action. According to the author, under certain
chlorine es derivatives, conditions relatively weak nucleophiles as water and alcohols can cause the opening
photosensitisers of the exocycle in the molecule of methylpheophorbide a with the formation
of chlorine derivatives es. The study of this reaction, in addition, reveals new
synthetic methods to obtain chlorine es esters of different degrees of substitution,
and eventually - free chlorine es in the form of triacids. Free chlorine is a valuable
photosensitiser for photodynamic therapy (PDT), and a starting compound for the
preparation of other photosensitizers. The article also discusses possible synthetic

approaches to obtain free chlorine es.
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Introduction

Some medical issues remain topical and unresolved even in the 21st century. These are,
in particular, the issues of cancer and antibiotic-resistant bacterial infections [1-8]. This fact
predetermines the constant search for new effective and at the same time maximally safe ways
to solve these problems [7]. Photodynamic therapy (PDT) is one of the most promising
methods aimed at combating both cancer diseases and pathogenic bacterial microflora;
a method associated with the use of photosensitisers (PS) [7-10]. A photosensitizer is usually an
organic dye with the ability to selectively accumulate in tumour tissues or bacterial cells.
Moreover, during irradiation with light of a certain wavelength, it generates active (singlet)
oxygen. Active oxygen, in turn, destroys surrounding tumour tissues or bacterial cell organelles

[7]. Since singlet oxygen is generated only in the place of photosensitizer accumulation during

© D. R. Karimov, 2023
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its laser irradiation. The healthy tissues around the tumour or the focus of bacterial infection
are not affected [7]. However, photosensitisers have a number of requirements (simultaneous
water- and fat-solubility (amphiphilicity), ability to absorb light quanta in the red and near-
infrared regions of the spectrum, efficient generation of singlet oxygen and other reactive
oxygen species, tropism to tumour cells, low toxicity and phototoxicity, high rate of elimination
from the body), etc. Indeed, very few of them can be realised through one chemical compound
only. Thus, there is no "ideal photosensitizer" [7]. Therefore, scientist are in the constant search
for new photosensitisers - natural and synthetic ones.

Semisynthetic derivatives of natural chlorophyll - derivatives of phorbins, as well as
amides and esters of chlorine es (both in free form and as conjugates with various monomeric
biomolecules and biopolymers) are very promising asphotosensitisers [11-16]. Nevertheless,
even these compounds still do not fully satisfy the whole set of requirements
for photosensitisers. Therefore, the search for new ways of their synthesis and modification
continues. It is also a challenge to obtain free chlorine es in pure form by standard methods,
such as alkaline hydrolysis of its esters or methylpheophorbide a. It produces a mixture
of similar compounds which must be separated [17].

The initial compound for the preparation of chlorine ecvarious derivatives
is methylpheophorbide a. It is obtained from natural chlorophyll a in two steps. The first stepis
demetallisation (removal of the magnesium ion by hydrochloric acid), and the second one
is transesterification (replacement of the phytol residue with a methyl group at position 17
by methanol-sulphuric acid (5% vol.)). In order to obtain chlorine es derivatives from
methylpheophorbid e, it is necessary to open the phorbinexocycle. The exocycle opening
reaction is a nucleophilic substitution at the carbonyl carbon atom at position 13(1) [18].
The tendency of the exocycle to open under the action of nucleophilic reagents is primarily due
to the removal of steric stresses (distortion of valence angles in the exocycle and repulsion of
closely located bulk substituents at positions 17 and 13(2)) during the reaction. It also concerns
with the peculiarities of the process mechanism (the possibility of negative chargedelocalisation
in the carboanion formed by heterolytic bond breaking 13(1)-C-13(2)-C) [16].

The reaction of exocycle opening has been studied quite well on the example
of the methylpheophorbide a interaction with amines acting as N-nucleophiles [18, 19].
The spatial structure of amine (the degree of the nitrogen atom shielding by substituents)
and the electronic structure of the macrocycle (the presence of electron-acceptor substituents
should hypothetically facilitate the reaction) have a significant influence on reaction
proceeding [18]. In this case, the steric factor plays a dominant role and cannot be compensated
by the electronic one. Hence, primary, and secondary aliphatic amines react smoothly. In case
of secondary amines, the substituents at the nitrogen atom should not be more voluminous
than the n-propyl group [18]. Moreover, the process characterized by the excesses of amines
(100-200-fold). At the same time, there are studies [20, 21] describing the opening of the

exocycle by bulk amine molecules with minimum excesses. However, the use of more stringent
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conditions for the reaction of exocycle opening (boiling in toluene instead of room
temperature) causes reaction direction changing. Furthermore, amidation of the exocycleester
group occurswithout its opening [18].

The opening of the exocycle by O-nucleophiles in methylpheophorbide a and
its derivatives has been described in the literature [22, 23]. However, those O-nucleophiles
should be by very strong ones (in particular, sodium methylate). Alkaline hydrolysis
of phorbin derivatives ispreparatively inexpedient. Therefore, it causes the formation
of a difficult-to-separate mixture of free chlorine es and its methyl esters with various degrees
of substitution [18]. For preparation of trimethyl ether of chlorine es, treatment of such
mixtures with diazomethane is usually used [22, 23]. Their preparation is associated with
certain difficulties (relatively inaccessible reagents) and risks (starting substances
for the synthesis, particularly N-nitrosomethylurea, are carcinogenic, and diazomethane itself
is poisonous and explosive). The trimethyl ether of chlorine es can be obtained by treatment
of methylpheophorbide a with sodium methylate [22]. It is also formed by the action
of potassium hydroxide solution in methanol on methylpheophorbide a in pyridine [24]
or tetrahydrofuran. Water, although in trace quantities, was found to be a weak nucleophile,
when interacting with phorbines under certain conditions, can form exocycle opening
products. Pheophorbide a also undergoes exocycle opening upon treatment with potassium
hydroxide in the THF-methanol system at room temperature to form 17-carboxy-13,15-
dimethyl ether of chlorine es.

Free chlorine e; is formed along with other products when a solution
of methylpheophorbide a in THF is treated with aqueous potassium hydroxide solution
at boiling. One of the by-products is chlorine e, It is a product of a single decarboxylation
of chlorine e at position 15 of the macrocycle. The decarboxylation reaction of chlorine es

is described in the literature [25]. It proceeds upon heating of chlorine es in basic media.
Experimental part

Methylpheophorbide a was prepared according to [26]. The solvents were purified
by generally accepted methods. Methanol was dried by distillation over magnesium metal;
tetrahydrofuran and chloroform were distilled after soaking over potassium hydroxide and
sodium sulphate, respectively. Acetone was subjected to distillation with a deflagmator.
Potassium hydroxide and hydrochloric acid were used without prior preparation. Mass spectra
were recorded using an Axima Confidence time-of-flight tandem mass spectrometer with
matrix-assisted ionisation (MALDI TOF) (Shimadzu, Japan). 2,5-dihydroxybenzoic acid
(DHB) and a-cyano-4-hydroxycinnamic acid (CHCA) were used as matrix. 'H NMR spectra
were recorded on an Avance-500 spectrometer (Bruker, Germany) with an operating frequency
of 500 MHz at 293 K.
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1. Study of methylpheophorbide a hydrolysis in an acidic medium.

Me;CO/HCI (3:2 vol.)

3, room 7

H;C00C

HOOC

pheophorbide a

HzC: HC CH3
H3C CH2*CH3
H,C
CH;
H
H
Hy¢ CH, COOH
H,C COOCH,
H;CO0C H;CO0C
methylpheophorbide a 15,17-dimethyl ether of chlorine e

We dissolved methylpheophorbide a (200 mg, 0.329 mmol) in 6 ml of acetone. We added
4 ml of concentrated hydrochloric acid to the resulting solution. We stirred the reaction mixture
at room temperature for 4 h, followed by extraction with chloroform and methanol, and
washing the organic layer with water. TLC (silica gel, dichloromethane - methanol (10% vol.))
of the reaction mixture after extraction shows, in addition to the main zones (pheophorbide a
as the main product and traces of unreacted initial methylpheophorbide a), also the presence
of a green-coloured hard-to-suspend fraction. We performed column chromatography
of the obtained product in silica gel using chloroform-methanol mixtures (2-20% vol.)
as eluent. The green-coloured fraction released the column last and was washed off with
chloroform - methanol (20% vol.) mixture. According to mass spectrometry data, this fraction
is a mixture of free chlorine es and its methyl esters of different degrees of substitution.
However, the predominant component of the mixture is dimethyl ester of chlorine es (M = 625)
(Fig. 1). Logically, it is 15,17-dimethyl ether of chlorine es with a free carboxyl group at position
13, at the exocycle opening site; the exocycle opening agent is water. The mixture also contains
the monomethyl ester of chlorin es (M = 611) (see Fig. 1), apparently being a 15-monomethyl
ester, since the 17-COOOCH;-group undergoes acid hydrolysis more readily than
the 15-COOCH:;-group. This follows from numerous experimental data on the preparation
of 17-monocarboxylic derivatives of chlorine es 13-amides of 15-monomethyl ethers, as well as
pheophorbide  obtained by selective hydrolysis of the 17-COOOCH;-group
in the methylpheophorbide molecule to the 17-COOH-group while retaining
the 15-COOCHs;-fragment. Finally, free chlorine es corresponds to the 597 signal present in the
mass spectra (see Fig. 1).
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Fig. 1. Mass spectra of the "green fraction" on and without different matrices
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2. Synthesis of 13,15,17-trimethyl ether e, chlorine.

H;COOC H;COOC

We dissolved methylpheophorbide a (121.6 mg, 0.2 mmol) in 6 ml of tetrahydrofuran.
We dissolved potassium hydroxide (336 mg, 6 mmol) in 12 ml of methanol. We added
the potassium hydroxide solution to the solution of methylpheophorbide a; the reaction
mixture turned green. We added chloroform and water to the reaction mixture; there was a
separation into two layers. The lower coloured organic layer was separated and washed off with
water. Column chromatography of the crude product obtained was performed in silica gel using
chloroform-methanol mixture (1% vol.) as eluent. The first fraction (green colour) represents
the target product. It is confirmed by mass spectrometry (M = 640) (Fig. 2) and '"H-NMR data.

13,15,17-Trimethyl ether of chlorine es. Dark green powder. Yield 89.6 mg (70%).
'"H-NMR (500 MHz, CDCl;) §, ppm: 9.71 (s, 1H, 10-H), 9.58 (s, 1H, 5-H), 8.76 (s, 1H, 20-H),
8.08 (dd, 1H, 3(1)-H), 6.37 (dd, 1H, 3(2)-H-trans), 6.16 (dd, 1H, 3(2)-H-cis), 5.37 (d, 1H,
15(1)-CH), 5.26 (d, 1H, 15(1)-CH), 4.47 (dd, 1H, 18-H), 4.42 (d, 1H, 17-H), 4.28 (s, 3H,
13-COOCH3), 3.84 - 3.76 (overlapping m + s, sums. 5H, 8(1)-CH,, 15(3)-CHs), 3.66 (s, 3H,
12(1)-CHs), 3.60 (s, 3H, 17(4)-CHs), 3.49 (s, 3H, 2(1)-CHs), 3.32 (s, 3H, 7(1)-CHs), 2.58 (m,
1H), and 2.22 (m, 2H): 17(1)-CH,, 17(2)-CHy; 1.80-1.71 (overlapping d + t + m, sums. 7H,
8(2)-CHs, 18(1)-CHs3, 17-CH,), -1.28 (s, 1H, 21-NH), -1.44 (s, 1H, 23-NH).
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Fig. 2. Mass-spectrum of 13,15,17-trimethyl ether e chlorine

According to mass spectrometry, mono- and dimethyl esters of chlorine es are also
formed in trace amounts as by-productsa (M = 612 and 625, respectively) (Fig. 3). They can be

150



.ktmom CHEMISTRY TOWARDS TECHNOLOGY VOL. 4, ISSUE 4, 2023

easily separated chromatographically (washed off the column only by high concentrations of
methanol up to 100%).
Natrix. DHB

Data: 3-DHB0001.C19[c] 14 Jul 2023 1234 Cal: tof 15 Cot 2014 13:33
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Fig. 3. Mass spectrum of a mono- and dimethyl ester mixture of chlorine es

3. Synthesis of 17-carboxy-13,15-dimethyl chlorine ester es.
HzC:H

CH,OH/KOH

THF

H,C i CH/=0 H,C f CH, COOCH;
Hzﬁi COOCH; H, COOCH;,

HOOC HOOC

We dissolved pheophorbide a (59.4 mg, 0.1 mmol) in 4 ml of tetrahydrofuran and
potassium hydroxide (145.9 mg, 2.6 mmol) in 6 ml of methanol. We added the alkali solution
to the pheophorbide solution. We diluted the resulting solution (green colour) with water and
neutralised it with a calculated amount of dilute hydrochloric acid (0.2 ml of HCl in 20 ml
of water). It resulted by coloured precipitation, which was filtered on a paper filter, dried at
room temperature, and subjected to column chromatography in silica gel using
chloroform-methanol mixture (2% vol.) as eluent. According to mass spectrometry data and
'"H-NMR (M = 626.1 (Fig. 4), first green-coloured fraction represents the target product.

17-Carboxy-13,15-dimethyl ether of chlorine es. Dark green powder. Yield 21.1 mg
(34%). 'H-NMR (500 MHz, CDCL) 8, ppm: 9.71 (s, 1H, 10-H), 9.58 (s, 1H, 5-H), 8.77 (s, 1H,
20-H), 8.08 (dd, 1H, 3(1)-H), 6.37 (dd, 1H, 3(2)-H-trans), 6.16 (dd, 1H, 3(2)-H-cis), 5.34 (d,
1H, 15(1)-CH), 5.28 (d, 1H, 15(1)-CH’), 4.46 (overlapping d + dd, sums. 2H, 18-H, 17-H), 4.26
(s, 3H, 13-COOCHS), 3.80 (qu, 2H, 8(1)-CHa), 3.76 (s, 3H, 15(3)-CHs), 3.59 (s, 3H, 12(1)-CHs),
3.49 (s, 3H, 2(1)-CHs), 3.31 (s, 3H, 7(1)-CHs), 2.62, and 2.22 (both - m, sums. 4H, 17(1)-CHo,,
17(2)-CH,), 1.77 (d, 3H, 8(2)-CHs), 1.73 (t, 3H, 18(1)-CHs), -1.45 (s, 1H, 23-NH).
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As a by-product, monomethyl ether of chlorine es (M = 612) is also formed. It was washed
off from the column (together with residual amounts of the target product) by chloroform-

methanol mixture (1:1 vol.), as can be seen from mass spectrometry data (Fig. 5).
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Fig. 4. Mass-spectrum of 17-carboxy-13,15-dimethyl chlorine ester es
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Fig. 5.

Mass spectrum of the side fraction in the synthesis of 17-carboxy-13,15-dimethyl ether of chlorine es

4. Synthesis of chlorine es from methylpheophorbide a.

b) HC1 H,C
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Methylpheophorbide a (121.6 mg, 0.2 mmol) was dissolved in 10 mL of tetrahydrofuran;
potassium hydroxide (3.36 g, 60 mmol) was dissolved in 10 ml of water. We added the alkali
solution to the macrocyclic compound. We boiled the reaction mixture with a reflux condenser
for 1.5 h, diluted it with water, and neutralised it with dilute hydrochloric acid (5 ml HClconc,
In50 ml water). The precipitate was filtered and dried at room temperature. Column
chromatography of the obtained product was performed in silica gel wusing
chloroform-methanol mixtures as eluent. Chlorine es elutes from the column in a wide range
of concentrations of methanol in chloroform. Indeed, the largest amount is washed off
by chloroform-methanol mixture 1:1 vol. (at lower concentrations of methanol mainly
by-products are washed off). Note, after column chromatography, chlorine es still contains

some impurities; the yield of such "crude” chlorine es was 29.9 mg (25%).

5. Synthesis of chlorine es from 13,15,17-trimethyl ether of chlorine es.
HzC: HC CH3 HzC: HC CH3
H;C CH,—CH, H,;C CH, CH;

a) KOH, THF -H,0, £ 3 h

>

HsC CH, Dl HyC CH,
H H
He M e, cooc, md M oy, coon
Hzé éOOCH:; H, (‘jOOH
H;COO0 HOO

We dissolved 13,15,17-Trimethyl ether of chlorine es (192.0 mg, 0.3 mmol) in 15 ml
of tetrahydrofuran and potassium hydroxide (5.04 g, 90 mmol) in 15 ml of water. We added the
alkali solution to the macrocyclic compound. We boiled the reaction mixture with a reflux
condenser for 3 h, diluted it with water, and neutralised it with dilute hydrochloric acid (7,5 ml
HCleone. in 75 ml water). The precipitate was filtered and dried at room temperature. Column
chromatography of the obtained product was performed in silica gel using
chloroform-methanol mixtures as eluent. . Indeed, the largest amount chlorine es was eluted
from the column with a 1:1 vol. chloroform-methanol mixture; the yield of "raw" chlorine was
19.0 mg (10.6%).

Results and discussion

The technique of ester group hydrolysis at position 17 (in the system acetone -
hydrochloric acid 10:2 vol., 24 h of stirring at room temperature) was initially used for the
synthesis of 17-monocarboxy derivatives of chlorine es 13-amides of 15-monomethyl ethers
from the corresponding 13-amides of 15,17-dimethyl ethers of chlorine es [28]. A modified
version of this technique is also well-known - acetone - hydrochloric acid ratio 3:2 vol,, stirring
time - 3 h (at room temperature) [29]. According to 'H-NMR, both variants give

17-monocarboxy derivatives as the main product without affecting the 15-complex ester group
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and exocycle (in the case of phorbines). However, increasing the time of the modified method
up to 4 h causes partial opening of the exocycle in the molecule of methylpheophorbide a,
despite the main product of the reaction remainspheophorbide a. Under similar conditions,
pheophorbide a (acetone - hydrochloric acid 1:1 vol., 5 h stirring at room temperature) also
forms chlorine derivatives in trace amounts. However, contrary to theoretical expectations,
methylpheophorbide a reacts easily, although it is a more electron-saturated compound
compared to pheophorbide proper and contains more ester groups.

The possibility of principal opening the phorbinexocycle even with such a weak
nucleophile as water suggests the process is to be more efficient with the use of stronger
nucleophiles. Therefore, we attempted to conduct the opening of the exocycle in the molecule
of methylpheophorbide a using a solution of an alkali, potassium hydroxide, in methanol.
The possibility of simultaneous hydrolysis of ester groups was also assumed. However,
methylpheophorbide a is very poorly soluble in methanol. Therefore, an organic solvent inert
with respect to alkali, tetrahydrofuran (THF), was added to the reaction mixture to increase its
solubility. The reaction mixture acquired a bright green colour at the transition of
methylpheophorbide a into solution. It indicated the opening of the exocycle. TLC of the
product isolated by extraction showed as the main product a nonpolar fraction of bright green
colour. It moves with the solvent front already at minimum concentrations of methanol
(0.5-1% vol.), which is used as eluent in its mixtures with chloroform. In case of monocarboxylic
derivatives, the polarity of the product should have been higher, which indirectly supported the
formation of trimethyl ester of chlorine es. Subsequently, the formation of trimethyl ether
of chlorine es was confirmed by mass spectrometry and 'H-NMR data. The signal
of the phorbinexocycle proton at 6.28 m.d. disappears and the signal of an additional methyl
group at 4.28 m.d. appears in the '"H-NMR spectrum of the product in CDCls. Hydrolysis
of ester groups requires more stringent conditions (larger excesses of alkali, presence of water
in solution, elevated temperature), but is complicated by side processes (in particular,
decarboxylation of formed chlorine es).

We expected that the 13,15,17-trimethyl ether of chlorine es would prove to be the most
convenient precursor of free chlorine e (in the form of a triacid).This substance contains three
very chemically similar ester groups, that are supposed to undergo hydrolysis under almost
identical conditions (unlike phorbines, which contain different reaction centres - at least
an exocycle and an ester group).However, experiment shows at longer time of hydrolysis
process (3 h in comparison with 1.5 h in case of methylpheophorbide a) trimethyl ether
of chlorine e6 gives less yield of the target product (chlorine es) and more by-products
in comparison with methylpheophorbide a. It is confirmed by mass spectrometry (Fig. 6).
In addition, chlorine es even after column chromatography still contains the impurities and
requires additional purification.

Acid amides can react with nitrous acid formed in the reaction medium from sodium
nitrite and mineral acid (most often hydrochloric one). In this process, free acids are obtained
from the acid amides.
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Fig. 6. Mass spectra of the main fractions obtained during the alkaline hydrolysis of methylpheophorbide a and
13,15,17-trimethyl ether of chlorine es with potassium hydroxide in the "tetrahydrofuran” system

Hypothetically, chlorine triamide es under such conditions should form free chlorine es,
and 13-monoamide 15,17-dimethyl ether of chlorine es - the corresponding 13-monocarboxy
derivative. However, when we try to use chlorine e amides for these purposes, the formation
of the corresponding carboxy derivatives is not observed. Moreover, electrophilic substitution
in the macrocycle occurs to form a mixture of different 20-substituted derivatives. Product
with molecular weight corresponding to isomeric NO?- or ONO-derivatives predominates
in the mixture when using excess NaNO,; while using a stoichiometric amount of nitrite
in the mixture remains a significant amount of the initial unreacted amide, containing impurity
products of 20-substitution in the macrocycle. According to,H-NMR spectroscopy, the signals
of all protons, except 20-H, are obtained split, with major signals correspond to the initial amide
of chlorine es. Since the products of 20-substitution do not contain a proton in the indicated
position of the macrocycle, they do not give a signal in the ;H-NMR spectrum.

Conclusions

We have demonstrated phorbinexocycle opening not only by strong O- and
N-nucleophiles, but also by such relatively weak O-nucleophiles as alcohols and water. We have
studied the conditions for the formation of chlorine e and its methyl esters upon treatment
of phorbines with potassium hydroxide under various conditions. We have considered possible
alternative methods for the preparation and purification of free chlorine es.
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Introduction

Nitrogen-containing heterocycles are useful structural elements for the synthesis
of biologically active molecules. Thus, aromatic nucleophilic substitution of the halogen atom
in 2-chloronitrobenzene for azacyclic fragments with further functionalisation causes
formation ofthe products with antiviral [1], anticancer [2], and antifungal activity [3]. Similar
SxAr reactions in 2,4-dichloro-1,5-dinitrobenzene allow us to obtain substances with proton
pump inhibiting activity (to suppress gastric acid secretion) [4], anticancer [5], antibacterial [6],
antitubercular [7-9], antiviral [10], KCNQ ion channel stimulating activity (for the treatment
of epilepsy and a number of other diseases) [11].

One of the tasks of modern chemistry is reducing of necessary substances synthesis time
and increasing the synthesis productivity. One of the ways to accelerate SxAr reactions is to
conduct them in the presence of excess pressure in the reaction medium [12-15].

The purpose of this study is developing a methodology for aromatic nucleophilic
substitution of 2-chloronitrobenzene and 2,4-dichloro-1,5-dinitrobenzene with nitrogen-
containing heterocycles under hermetically sealed autoclave reactor conditions.

Main body

We used Monowave 50 to perform the SxAr reactions (Figure 1). It is a robust and safe
laboratory reactor for synthesis in sealed vessels at temperatures up to 250 °C and pressures
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up to 20 bar [16]. The reactor utilises conductive heating of a sealed glass vessel through
a stainless steel heating jacket and online monitoring of temperature and pressure in addition
to magnetic stirring. The reactor allows the synthesis conducting several times faster than
traditional units with heating plates and stirrers.

We used pyridine as a model nucleophile. This azaheterocyclic fragment is often present
in synthesised compounds [17-18], and the resulting pyridinium salts act as substrates
for intramolecular cyclisation to form condensed systems [19-20].

We put pyridine and
2-chloronitrobenzene (1) into a borosilicate
glass vial, added a solvent - dehydrated
acetone; sealed the vial with a silicone cap
with a gasket, placed it in the reactor and
closed the lid. Then we turned on stirring and
heated to 60 °C for 2 hours. However, it was
not possible to obtain the product under these
conditions. Therefore, we performed a series
of experiments for the  synthesis
of 1-(2-nitrophenyl)pyridinium chloride (2)
by varying the temperature from 80 °C with a
step of 20 °C. In this case, increasing

the temperature above the boiling point of
the solvent created an increase in pressure Fig. 1. Monowave 50 reactor (front view)
inside the reactor. The synthesis at 160 °C for
2 hours and pressures from 8 (beginning of the experiment) to 18 atmospheres (end of
the experiment) resulted in the separation of a precipitate from the reaction mass, which was
filtered and dried. We recorded a '"H NMR spectrum and a high-resolution mass spectrum,
matching the expected spectral characteristics of the product. The similar SxAr reaction in an
open round bottom flask at pyridine boiling (115 °C) required more than 24 hours to obtain a
comparable yield to the process in Monowave 50.

Another nucleophile used was indole. It is known as a versatile heterocyclic building block
due to its multiple pharmacological activities, and is often used in the creation of drug products
candidates [21-22]. DMFA was used as solvent and potassium carbonate as base for the reaction

Ql O ©E>
+ Monowave 50
M 50
ORBHE DMF, choz
160 C,2h 160 C, 2 h

SxAr process at 160 °C for 2 h and pressure from 2 (start of experiment) to 5 atmospheres

of substance 1 with indole.

3

(end of experiment) resulted in a reaction mixture, which was poured into water
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and 1-(2-nitrophenyl)-1H-indole (3) was obtained by filtration. In comparison, no target
substance was formed in the experiment in an open three-neck flask during the same time and
after 2 hours only the starting indole and halogennitroarene were isolated.

We next conducted the substitution reaction in 2,4-dichloro-1,5-dinitrobenzene (4),
amuch more active substrate due to the presence of two activating groups. An attempt
to substitute both halogen atoms for the pyridine moiety at 60 °C in acetone for 30 min yielded

a mixture of substances consisting of 1-(5-chloro-2,4-dinitrophenyl)pyridinium chloride (5)
and the expected 1,1'-(4,6-dinitro-1,3-phenylene)-bis(pyridinium) dichloride (6).

Monowave 50 | R Q\“ @
Cl cl AN acetone QN Cl N X
| —_—
2 | / 60C.05h
o,N NO, N O,N NO O,N NO,

2 2
4 5 6

We studied the influence of temperature and reaction time on the products composition.
As a result, pure compound 5 can be obtained when the experiment was conducted no higher
than 30 °C, stirring the reaction mixture for 1.5 hours. The synthesis of compound 6 required
heating up to 160 °C (pressure in the reactor was from 7 to 18 atm), which reduced the required
time to 15 minutes. These temperature and time were also suitable for the substitution of both
halogen atoms of substance 4 for indole fragments. In this case, as in the example of
2-chloronitrobenzene, the solvent was DMFA and the base was potassium carbonate.

M 50 +  Monowave 50
onowave DMF K2CO
Cl acetone
160 C,0.25h 160 C. 02511

O:N NO
0N NO, 2 2

Hence, we have developed methods of SyAr reactions in activated arenes in a sealed
Monowave 50 reactor for the preparation of substances containing pyridine or indole
fragments. The advantages of the proposed synthesis method include short process time,

minimised solvent consumption, and energy saving due to short reaction times.
Experimental part

We determined the melting points on a PolyTherm A device at a heating rate of 3 °C/min
and did not adjust. NMR spectra were recorded on a Bruker DRX-400 for solutions.
The residual solvent proton signals in 'H NMR (DMSO 82.50 ppm or chloroform 87.26 ppm)
spectra were used as a reference for counting chemical shifts. We recorded high resolution mass
spectra on a "Bruker micrOTOF II" (Bruker Daltonics), electrospray ionisation (ESI),
mass scanning range (m/z 50) 3000 Da, syringe injection. We used MeCN or MeOH as solvent
and the solution flow rate was 3 pl/min. The interface temperature was 180 °C, the spray gas
was nitrogen (4.0 /min).
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Methodology for the synthesis of 1-(2-nitrophenyl)pyridinium chloride

We put 0.33 g (2.1 mmol) of 2-chloronitrobenzene, 0.18 ml (2.2 mmol) of pyridine,
6 ml of dehydrated acetone, and a magnetic anchor into a 10 ml glass vial; sealed the vial with a
silicone cap, and placed it in a Monowave 50 reactor. Then we closed the lid of the unit.
The mixture was stirred with a magnetic stirrer (400 rpm) and heated in AFAP mode (heating
at maximum speed) up to 160 °C. When the set temperature was reached, the mixture
was incubated for 120 minutes. Next, we cooled the reactor to 30 °C, opened the lid and took
out the vial. We removed the cap from it, took out the magnetic anchor, filtered the precipitate
under vacuum, washed it with dehydrated acetone and dried it in a desiccator.

1-(2-nitrophenyl)pyridinium chloride (2). Yield 0,44 g (89%). T = 247-251 °C. NMR
spectrum 'H (DMSO-ds, §, ppm., J/Hz): 8.06 (ddd, ] 8.6 Hz, 7.0 Hz, 1.8 Hz, 1H, H*), 8.09-8.18
(m, 2H, H> ), 8.41 (t, J 8.6 Hz, 2H, H*), 8.55 (dd, J 8.3 Hz, 1.4 Hz, 1H, H?), 8.93 (td, ] 7.9 Hz,
1.5 Hz, 1H, H*), 9.43 (d, ] 6.0 Hz, 2H, H*®). HRMS: m/z calculated C;;HsN,O,*201.0659 [M]*,
found: 201.0651.

Methods for the synthesis of 1-(2-nitrophenyl)-1H-indole

We put 0.33 g (2.1 mmol) of 2-chloronitrobenzene, 0.26 g (2.2 mmol) of indole, 0.46 g
(3.3 mmol) of potassium carbonate, 6 ml of DMFA and a magnetic anchor into a 10 ml glass
vial; sealed the vial with a silicone cap, and placed it in a Monowave 50 reactor. Then we closed
the lid of the unit. The mixture was stirred with a magnetic stirrer (400 rpm) and heated
in AFAP mode (heating at maximum speed) up to 160 °C. When the set temperature was
reached, the mixture was incubated for 120 minutes. Next, we cooled the reactor to 30 °C,
opened the lid, and took out the vial. We removed the cap from it, took out the magnetic anchor,
poured the contents into a beaker with 30 ml of water. Then we filtered the precipitate under
vacuum, washed with water and dried in a desiccator.

1-(2-Nitrophenyl)-1H-indole (3). Yield 0.43 g (86%). Tma. = 83-86 °C [23]. NMR
spectrum 'H (DMSO-ds, §, ppm, J/Hz): 6.74 (dd, ] 3.2, 0.8 Hz, 1H), 7.12-7.22 (m, 4H), 7.55-7.62
(m, 2H), 7.67-7.71 (m, 1H), 7.74 (dt, ] 7.8, 1.2 Hz, 1H), 8.04 (dd, ] 8.2,1.2 Hz, 1H). HRMS: m/z
calculated C,4H;1N,0,7239.0821 [M+H]*, found: 239.0821.

Methods for the synthesis of 1-(5-chloro-2,4-dinitrophenyl)pyridinium chloride and
1,1'-(4,6-dinitro-1,3-phenylene)-bis(pyridinium) dichloride

We put 0.5 g (2.1 mmol) of 2,4-dichloro-1,5-dinitrobenzene, 0.18 ml (2.2 mmol)
of pyridine (for synthesis 5) or 0.36 ml (4.4 mmol) of pyridine (for synthesis 6), 6 ml
of dehydrated acetone, and a magnetic anchor into a 10 ml glass vial; sealed the vial with a
silicone cap, and placed it in a Monowave 50 reactor. Then we closed the lid of the unit. Next, we
turned on stirring with a magnetic stirrer (400 rpm) and heating in AFAP mode to 30 °C
(for synthesis 6) or 160 °C (for synthesis 7). When the target temperature was reached, the
mixture was incubated for 90 minutes (for synthesis 6) or 15 minutes (for synthesis 7). Next, we
cooled the reactor to 30 °C, opened the lid and took out the vial. We removed the cap from it,
took out the magnetic anchor, filtered the precipitate under vacuum, washed it with dehydrated
acetone and dried it in a desiccator.

Chloride of 1-(5-chloro-2,4-dinitrophenyl)pyridinium (5). Yield 0.52 g (79%).
Timei. = 162-164 °C. NMR spectrum 'H (DMSO-ds, 6, ppm, J/Hz): 8.44 (t, ] 8.5 Hz, 2H, H**),
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8.85 (s, 1H, H°), 8.96 (t, J 8.5 Hz, 1H, H*), 9.32 (s, 1H, H%), 9.38 (d, J 6.0 Hz, 2H, H>*).
HRMS: m/z calculated C,;H;N;O," 280.0120 [M]*, found: 280.0111.

Dichloride of 1,1'-(4,6-dinitro-1,3-phenylene)-bis(pyridinium) (6). Yield 0.75 g (90%).
Tmer> 300 °C. '"H NMR spectrum (DMSO-ds, §, ppm, J/Hz): 8.52 (t, ] 8.5 Hz, 4H, H***>),
9.02 (t, J 8.5 Hz, 2H, H**), 9.24 (s, 1H, H°), 9.44 (s, 1H, H?), 9.66 (d, J 5.5 Hz, 4H, H*¢2"%"),
HRMS: m/z calculated CsH12N4O4**324.0853 [M]*, found: 324.0841.

Methodology for the synthesis of 1,1'-(4,6-dinitro-1,3-phenylene)bis(1H-indole)

We put 0.5 g (2.1 mmol) of 2,4-dichloro-1,5-dinitrobenzene, 0.52 g (4.4 mmol) of indole,
0.92 g (6.6 mmol) of potassium carbonate, 6 ml of DMFA, and a magnetic anchor into a 10-ml
glass vial; sealed the vial with a silicone cap and placed it in a Monowave 50 reactor. Then we
closed the lid of the unit. The mixture was stirred with a magnetic stirrer (400 rpm) and heated
in AFAP mode (heating at maximum speed) up to 160 °C. When the set temperature was
reached, the mixture was incubated for 15 minutes. Next, we cooled the reactor to 30 °C,
opened thelid, and took out the vial. We removed the cap from it, took out the magnetic anchor
and poured the contents into a beaker with 30 ml of water. Then we filtered the precipitate
under vacuum, washed with water and dried in a desiccator.

1,1'-(4,6-Dinitro-1,3-phenylene)bis(1H-indole) (7). Yield 0.65 g (78%). Trme:. = 124-128 °C.
NMR spectrum 'H (DMSO-ds, §, ppm, J/T1): 6.72 (d, ] 8.2 Hz, 2H), 7.20 (m, 4H), 7.55 (m, 4H),
7.84 (s, 1H), 8.28 (d, ] 7.8 Hz, 2H), 8.95 (s, 1H). HRMS: m/z calculated C,,H;sN,O4* 399.1094
[M+H]*, found: 399.1083.

This study was conducted with the financial support of grant No MK-3459.2022.1.3 from
the President of the Russian Federation for state support of young Russian scientists - candidates
of science.
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